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H 1 FIELD OF THE INVENTION 

§i 

The invention is directed towards method and apparatus for generating routes for 
groups of related net configurations. 

BACKGROUND OF THE INVENTION 

An integrated circuit ("IC") is a device that includes many electronic components 
(e.g., transistors, resistors, diodes, etc.). These components are often interconnected to 
form multiple circuit components (e.g., gates, cells, memory units, arithmetic units, 
15 controllers, decoders, etc.) on the IC. The electronic and circuit components of IC's are 
jointly referred to below as "components." 

An IC also includes multiple layers of wiring ("wiring layers") that interconnect 
its electronic and circuit components. For instance, many IC's are currently fabricated 
with metal or polysilicon wiring layers (collectively referred to below as "metal layers") 
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that interconnect its electronic and circuit components. One common fabrication model 
uses five metal layers. In theory, the wiring on the metal layers can be all-angle wiring 
{i.e., the wiring can be in any arbitrary direction). Such all-angle wiring is commonly 
referred to as Euclidean wiring. In practice, however, each metal layer typically has a 
preferred wiring direction, and the preferred direction alternates between successive metal 
layers. Many ICs use the Manhattan wiring model, which specifies alternating layers of 
preferred-direction horizontal and vertical wiring. In this wiring model, the majority of 
the wires can only make 90° turns. However, occasional diagonal jogs are sometimes 
allowed on the preferred horizontal and vertical layers. 

Design engineers design ICs by transforming circuit description of the ICs into 
geometric descriptions, called layouts. To create layouts, design engineers typically use 
electronic design automation ("EDA") applications. These applications provide sets of 
computer-based tools for creating, editing, and analyzing IC design layouts. 

EDA applications create layouts by using geometric shapes that represent different 
materials and devices on ICs. For instance, EDA tools commonly use rectangular lines to 
represent the wire segments that interconnect the IC components. These tools also 
represent electronic and circuit IC components as geometric objects with varying shapes 
and sizes. For the sake of simplifying the discussion, these geometric objects are shown 
as rectangular blocks in this document. 

Also, in this document, the phrase "circuit module" refers to the geometric 
representation of an electronic or circuit IC component by an EDA application. EDA 
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applications typically illustrate circuit modules with pins on their sides. These pins 
connect to the interconnect lines. 

A net is typically defined as a collection of pins that need to be electrically 
connected. A list of all or some of the nets in a layout is referred to as a net list. In other 
5 words, a net list specifies a group of nets, which, in turn, specify the interconnections 
between a set of pins. 

Figure 1 illustrates an example of an IC layout 100. This layout includes five 
i circuit modules 105, 110, 115, 120, and 125 with pins 130-160. Four interconnect lines 
165-180 connect these modules through their pins. In addition, three nets specify the 
interconnection between the pins. Specifically, pins 135, 145, and 160 define a three-pin 
E* ! net, while pins 130 and 155, and pins 140 and 150 respectively define two two-pin nets. 
As shown in Figure 1, a circuit module (such as 105) can have multiple pins on multiple 
nets. 

j The IC design process entails various operations. Some of the physical-design 

15 operations that EDA applications commonly perform to obtain the IC layouts are: 
(1) circuit partitioning, which partitions a circuit if the circuit is too large for a single 
chip; (2) floor planning, which finds the alignment and relative orientation of the circuit 
modules; (3) placement, which determines more precisely the positions of the circuit 
modules; (4) routing, which completes the interconnects between the circuit modules; 
20 (5) compaction, which compresses the layout to decrease the total IC area; and 
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(6) verification, which checks the layout to ensure that it meets design and functional 
requirements. 

Routing is a key operation in the physical design cycle. It is generally divided into 
two phases: global routing and detailed routing. For each net, global routing generates a 
"loose" route (also called path or routing areas) for the interconnect lines that are to 
connect the pins of the net. The "looseness" of a global route depends on the particular 
global router used. After global routes have been created, the detailed routing creates 
specific individual routing paths for each net. 

While some commercial global routers today might allow an occasional diagonal 
jog, these routers do not typically explore diagonal routing paths consistently when they 
are specifying the routing geometries of the interconnect lines. This, in turn, increases the 
total wirelength (i.e., total length of interconnect lines) needed to connect the nets in the 
layout. Therefore, there is a need for routing method and apparatus that considers 
diagonal routing paths. 
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SUMMARY OF THE INVENTION 

Some embodiments of the invention provide a method that identifies a set of 
routes for a net that has a set of pins in a region of a design layout. The method initially 
partitions the region into a number of sub-regions. It then identifies a first set of sub- 
regions that contains the net's pins. Based on the first set of sub-regions, the method 
identifies a first route that traverses a second set of sub-regions. The first and second sets 
of sub-regions have a particular relationship. Based on this particular relationship, the 
method identifies a second route from the first route, where the second route traverses the 
first set of sub-regions. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The novel features of the invention are set forth in the appended claims. 
However, for purpose of explanation, several embodiments of the invention are set forth 
in the following figures. 

5 Figure 1 illustrates an example of an IC layout. 

Figure 2 illustrates an IC layout that utilizes horizontal, vertical, and 45° diagonal 
interconnect lines. 

Figure 3 illustrates one manner of implementing an octagonal wiring model. 

Figure 4 presents a conceptual illustration of a recursive routing process 
performed by some embodiments of the invention. 

Figure 5 illustrates a design region of an IC layout that has been divided into 
sixteen sub-regions. 

Figures 6-8 illustrate three Steiner trees for a net illustrated in Figure 5. 

Figure 9 illustrates two congestion grids. 

1 5 Figure 10 illustrates edges defined by the congestion grids of Figure 9. 

Figure 11 shows the diagonal edges of Figure 10 slightly smaller. 

Figure 12 illustrates wiring paths across the edges of Figure 10. 
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Figure 13 illustrates a partitioning grid used by some embodiments. 

Figure 14 illustrates Manhattan and diagonal paths defined across edges created 
by the grid of Figure 13. 

Figure 15 illustrates a length grid that decomposes each congestion-grid child 
slots of the grid of Figure 13 into 4 slots, while Figure 16 illustrates a length grid that 
decomposes each of these child slots into 16 slots. 

Figure 17 illustrates that the partitioning of Figure 15 creates 6 paths for routing 
between the resulting 4 slots in each congestion-graph child slot, while Figure 18 
illustrates that the partitioning of Figure 16 creates 42 paths for routing between the 
resulting 16 slots of each congestion-graph child slot. 

Figure 19 illustrates a process for adaptively selecting the wiring model, as well 
as the congestion and/or partitioning grids. 

Figures 20 and 21 illustrate how some embodiments calculate the length of an 
interconnect line connecting two nodes of a tree. 

Figure 22 illustrates a process that constructs one or more optimal Steiner trees 
for each possible net configuration with respect to a partitioning grid, and stores the trees 
and their attributes. 

Figure 23 pictorially illustrates sixteen tree nodes for sixteen slots created by a 4- 
by-4 partitioning grid. 
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Figure 24 illustrates a process for identifying potential Steiner nodes. 

Figures 25A and 25B illustrate a process for that constructing one or more 
minimum spanning trees (MST's) and computing each MST's length for node 
configurations with two or more nodes. 

Figure 26 illustrates a process that calculates the routing-path information and the 
path-usage probabilities. 

Figures 27 and 28 respectively illustrate examples of path-usage counts and path- 
usage probabilities for the Steiner trees of Figures 6-8. 

Figure 29 illustrates a compression technique for storing Steiner-tree routes for 
sets of net configurations. 

Figures 30 and 31 illustrate one technique for grouping node configurations. 

Figure 32 illustrates a binary-search tree ("BST") used for sorting stored trees. 

Figure 33 illustrates a process used to traverse the BST to determine whether a 
tree was previously stored in the storage structure. 

Figure 34 illustrates a process that pre-tabulates routes and route attributes for 
multiple wiring models. 

Figure 35A and Figure 35B illustrate examples of closed and open node 
configurations. 
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Figure 36 illustrates a process that pre-tabulates minimum closed trees. 

Figure 37 illustrates a process that, for an open node configuration, pre-tabulates 
related closed node configurations that do not have antenna nodes. 

Figure 38 illustrates a process that identifies one or more Steiner-tree routes for a 
5 net when the routes and closed node configurations are pre-tabulated according to the 
processes of Figures 36 and 37. 

Figure 39 illustrates the software architecture of a router of some embodiments of 
the invention. 

Figure 40 illustrates a design region that is recursively divided into sets of 16 sub- 
regions. 

Figure 41 illustrates the data structure for a net list. 

Figure 42 illustrates a dbNet data structure. 

Figure 43 illustrates a simple pin data structure. 

Figure 44 illustrates a path data structure. 

1 5 Figure 45 illustrates a slot-net data structure. 

Figure 46 presents a graph that conceptually illustrates the hierarchy of slots 
defined by the router. 

Figure 47 presents a slot data structure. 
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Figures48 illustrates a circuit module data structure. 

Figures 49-51 illustrate a process that is performed by an initializer of the router 
of Figure 39. 

Figure 52 illustrates a process performed by a slot manager of the router of 
5 Figure 39. 

Figure 53 illustrates a process performed by a solver of the router of Figure 39. 
Figures 54 and 55 illustrate one manner for predicting the congestion of the paths. 
O Figure 56 illustrates a process for identifying routes for each net configuration 



m 
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? and generating detour possibilities by adding fake pins to the net configurations. 



fjf Figures 57 and 58 provide examples of how sub-optimal detour routes are 

u generated by adding one or two fake pin configurations. 

O 
f 

q Figure 59 illustrates another technique for identifying additional routes for a net 

ru 

configuration. 

Figure 60 illustrates a process that identifies additional routes for a net 
15 configuration. 

Figure 61 illustrates one way for propagating a horizontal or vertical path 
between the current slot's child slots down into the slots of the child slots. 

Figures 62 and 63 illustrate two different ways for modeling the propagation of a 
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45° diagonal path into the lower level child slots. 

Figure 64 illustrates a process for calculating the cost of each route in terms of 
three component costs. 

Figure 65 illustrates one example of a propagation possibility of a path. 

Figures 66 and 67 present two examples that conceptually illustrate one manner 
of counting the number of vias. 

Figures 68-70 illustrate three processes that work together to compute the number 
of vias in a route. 

Figures 71 and 72 illustrate the need for sharing constraints at the Gcell level. 
Figure 73 illustrates a diagonal pair constraint. 
Figure 74 illustrates a mixed triplet constraint. 
Figure 75 illustrates a diagonal triplet constraint. 

Figure 76 illustrates a process that an ILP propagator performs in some 
embodiments. 

Figures 77 and 78 illustrate one manner of estimating the availability of the 
propagations. 

Figures 79 and 80 illustrate one manner of enumerating and costing the 
propagations. 
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Figure 81 illustrates a process for performing follow-up propagation for the 
current slot when the current slot is below the top-level slot but above the leaf-level slot. 

Figure 82 illustrates a path from a follow-up path list that is propagated. 

Figure 83 illustrates one a sequential-propagation process that is used in some 
embodiments. 

Figure 84 presents a computer system used to implement some embodiments of 
the invention. 
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DETAILED DESCRIPTION OF THE INVENTION 

In the following description, numerous details are set forth for purpose of 
explanation. However, one of ordinary skill in the art will realize that the invention may 
be practiced without the use of these specific details. In other instances, well-known 
5 structures and devices are shown in block diagram form in order not to obscure the 
description of the invention with unnecessary detail. 

Several embodiments of the invention's routing method and apparatus are 
u described below. However, before discussing these embodiments, several diagonal 
wiring architectures that can be used with these embodiments are described in Section I. 
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I. DIAGONAL WIRING ARCHITECTURE 



Different embodiments of the invention can be used with different wiring models. 
For instance, some embodiments are used with wiring models that include diagonal, 
horizontal, and vertical interconnect wires. In the discussion below, interconnect wires 
are also referred to as interconnects or interconnect lines. Also, as used in this document, 
15 an interconnect line is "diagonal" if it forms an angle other than zero or ninety degrees 
with respect to the layout boundary. On the other hand, an interconnect line is 
"horizontal" or "vertical" if it forms an angle of 0° or 90° with respect to one of the sides 
of the layout (e.g., forms an angle of 0° or 90° with respect to the width of the layout). 

Figure 2 illustrates an IC layout 200 that utilizes horizontal, vertical, and 45° 
20 diagonal interconnect lines. In this figure, the horizontal lines 205 are the lines that are 
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parallel (i.e., are at 0°) to the x-axis, which is defined to be parallel to the width 210 of 
the layout. The vertical lines 215 are parallel to the y-axis, which is defined to be parallel 
to the height 220 of the layout. In other words, the vertical interconnect lines 215 are 
perpendicular (i.e., are at 90°) to the width of the IC layout. In addition, one set 225 of 
diagonal lines are at +45° with respect to the width of the IC layout, while another set 230 
are at -45° with respect to the width of the IC layout. In this document, the phrase 
"octagonal wiring model" is used to refer to a wiring model that includes horizontal, 
vertical, and 45° diagonal interconnect lines. 

Figure 3 illustrates one manner of implementing the octagonal wiring model. 
The wire model illustrated in this figure uses the notion of having one preferred-wiring 
direction per layer. Specifically, Figure 3 illustrates five wire layers with each layer 
having its own preferred direction. The first three layers 305-315 are Manhattan layers. 
In other words, the preferred direction for the interconnect lines in these layers is either 
the horizontal direction or the vertical direction. The preferred wiring direction in these 
three layers typically alternates so that no two consecutive layers have the same preferred 
wiring direction. However, in some cases, the wiring in consecutive layers is in the same 
direction. 

The next two layers 320 and 325 are diagonal layers. The preferred directions for 
the interconnect lines in the diagonal layers are ±45°. Also, as in the first three layers, the 
wiring directions in the fourth and fifth layer are typically orthogonal (i.e., one layer is 
+45° and the other is -45°), although they do not have to be. 
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Several embodiments are described below with reference to the octagonal wiring 
model illustrated in Figure 3. However, one of ordinary skill will understand that the 
invention can be used with any wiring model. For instance, the invention can be used 
with wiring architectures that are strictly diagonal (i.e., wiring architectures that do not 
have horizontal and vertical direction wiring). 

Also, some embodiments are used with non-45 0 diagonal wiring. For example, 
some embodiments are used with wiring models that utilize horizontal, vertical and 
±120° diagonal interconnect lines. In addition, some embodiments are used with wire 
models that do not specify a preferred direction for some or all the wire layers. For 
instance, some embodiments use an octagonal wiring model that allows horizontal, 
vertical, and 45° lines to exist on all wire layers. 

II. CONCEPTUAL FLOW 

Figure 4 presents a conceptual illustration of a recursive routing process 
performed by some embodiments of the invention. This routing process hierarchically 
defines routes for nets within a design region (also called a slot) of an IC layout. This 
region can be the entire IC layout, or a portion of this layout. Likewise, the IC layout can 
be a layout for the entire integrated-circuit chip or chips, or it can be a layout for a block 
(i.e., a portion) of an integrated-circuit chip. 

The process initially defines (at 405) a partitioning grid that divides the IC region 
into several sub-regions. In the discussion below, the partitioned region is also referred to 
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as the current slot, and the sub-regions resulting from the partitioning are also referred to 
as the current slot's child slots. 

In some embodiments, the partitioning grid is formed by intersecting cut lines. In 
some of these embodiments, the intersecting partitioning lines are N horizontal and M 
vertical lines that divide the IC region into (N+1)(M+1) sub-regions, where N and M can 
equal any integer. For instance, these horizontal and vertical lines divide the received IC 
region into (1) four child slots when N and M equal 1, (2) nine child slots when N and M 
equal 2, (3) sixteen child slots when N and M equal 3, or (4) twenty child slots when 
either N or M equals 4 and the other equals 5. 

Figure 5 illustrates a design region 500 that has been divided into sixteen sub- 
regions (i.e., into child slots 0-15) by sets of three horizontal and vertical partitioning 
lines. This figure also shows a net 505 that includes five circuit modules 510, 515, 520, 
525, and 530, which fall into four of the sixteen sub-regions. These four sub-regions are 
slots 0, 1,7, and 8. 



15 Each net within the partitioned region (i.e., within the current slot) has one or 

more actual or virtual pins in the sub-regions defined by the partitioning grid. A net's 
actual pins are pins of circuit modules in the design region, whereas the net's virtual pins 
are artificial pins that are set to account for the propagation of higher level routes into 
lower level child slots, as further described below. For each net, the set of sub-regions 

20 that contain that net's actual or virtual pins represents the net's configuration with respect 
to the partitioning grid. 
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For each particular net within the partitioned region, the process 400 uses (at 410) 
the net's configuration to identify one or more routes (also called routing graphs or 
connection graphs) for the net. Each route of a net provides a set of interconnect lines 
that connects the child slots (i.e., the sub-regions) that contain the net's pins. 

5 To model each net's configuration with respect to the grid, each child slot that 

contains one or more of the net's pins is treated as a node (also called a vertex or point) of 
the routing graph. The nodes of the graph are then connected by edges (also called lines). 
According to some embodiments, the routing graph can have edges that are completely or 
partially diagonal. 

3 

£§j Different embodiments use different types of graphs to define the interconnect 

U routes. In the embodiments described below, trees (e.g., Steiner trees) are used as the 

m 

routing graphs that connect the child slots containing the related net pins. Figures 6-8 
illustrate three optimal Steiner trees 605, 705, and 805 for the net 505 in Figure 5. These 
q Steiner trees all have the same length. One of these trees (605) has a Steiner node (620). 
15 In addition, each of these trees has at least one edge that is at least partially diagonal. In 
these examples, the router uses the octagonal wiring model and therefore the diagonal 
edges are at 45° degrees with respect to the layout boundary. 

Before process 400 starts, some embodiments pre-compute and store routes for 
different configuration of child slots in a data storage. At run-time, the router in these 
20 embodiments identifies (at 410) some or all of the routes for a net by (1) identifying the 
configuration of each net with respect to the partitioning grid, and (2) retrieving from the 
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data storage the routes for the identified-configurations. Such an approach frees the 
router from having to construct in real-time routes for each net configuration. One such 
approach is described below in Section V. 

Other embodiments, on the other hand, use net configurations to generate routes 
in run time. Yet other embodiments use net configurations to retrieve and generate 
routes. For instance, some embodiments use net configurations to retrieve pre-tabulated 
routes for certain nets while generating routes for other nets. One such approach is 
described below in Section V. 

In some embodiments, the pre-tabulated or generated routes are optimal routes. 
Some of these embodiments also have the router identify sub-optimal routes for each net 
configuration in the layout, in order to increase the number of possible solutions for each 
net. One such approach is described below in Section VI. 

For each net, the process 400 selects (at 415) one of the routes identified for the 
net as the net's route at the current recursion level. The process selects the routes that 
optimize certain objectives, such as reducing wirelength and congestion. When the 
current slot's child slots are to be partitioned to define smaller child slots, the process 400 
then determines (at 420) the propagation of the selected routes into the smaller child slots. 
At this stage, the process might also add virtual pins to certain nets to account for such 
propagation. 

Finally, when the child slots defined at 405 are not the slots resulting from the last 

recursion operation, the process 400 recursively repeats for each child slot defined at 405. 
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By recursively repeating for each defined child slot, the process 400 defines more and 
more detailed routes for the nets in the current region. In other words, this recursive 
process 400 defines the routes in a hierarchical manner, where the process defines more 
detailed routes as the levels of the recursion hierarchy increase. 

5 Some embodiments use different shaped partitioning grids for different levels in 

the recursion process. The embodiments described below, however, use same shaped 
partitioning grids for all the recursion levels. At each recursion level, these embodiments 
simply adjust the coordinates of the partitioning grid to match the coordinates of the IC 

if region at that recursion level. Using the same shaped partitioning grids for all the 

lj$ recursion levels has several advantages. For instance, the process can re-use the same set 

S of pre-tabulated information for all levels of the recursion process. 

m 

III. MULTIPLE GRIDS 

O 

H . . . 

O Some embodiments use one or more grids in addition to the partitioning grid. 

W A. Multiple Congestion Grids. 

15 Some embodiments use multiple congestion grids as the conceptual model for 

quantifying the capacity, and measuring the congestion, of routing paths between the sub- 
regions that are defined by the partitioning grid. Figure 9 illustrates two such congestion 
grids. Some embodiments described below use these two grids in conjunction with the 
octagonal wiring model illustrated in Figure 3. 
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In Figure 9, the two grids are: (1) grid 905, which is formed by 3 horizontal and 3 
vertical lines, and (2) grid 910, which is formed by seven +45° diagonal lines and seven 
-45° diagonal lines. Grid 905 is used to specify the capacity and measure the congestion 
of horizontal and vertical routing paths, while grid 910 is used to specify the capacity and 
measure the congestion of diagonal routing paths. 

Specifically, as shown in Figure 10, the grid 905 defines 12 vertical edges (E0- 
Ell) and 12 horizontal edges (E12-E23), while the grid 910 defines 9 -45° edges (E24, 
E26, E28, E30, E32, E34, E36, E38, E40) and 9 +45° edges (E25, E27, E29, E31, E33, 
E35, E37, E39, E41). In Figure 10, the diagonal edges are shown to have endpoints, in 
order to simplify the identification of these edges as they abut each other. 

As shown in Figure 10, each diagonal edge traverses the distance between the 
centers of two sub-regions that are defined by the first grid and that are at diagonally 
adjacent positions with respect to each other. In other words, each diagonal edge 
connects the centers of two sub-regions that are aligned diagonally such that they abut at 
only one of their corners. Figure 11 shows the diagonal edges slightly smaller, in order 
to simplify the appearance of these edges. 

In some embodiments, grids 905 and 910 are also used to define routing paths 
between the child slots of a partitioned region. Specifically, orthogonal to each edge 
defined by grids 905 and 910 is a routing path that can be used by a routing tree to 
connect the abutting slots (i.e., the abutting sub-regions). For instance, Figure 12 
illustrates 42 wiring paths across the 42 edges of Figure 10. Horizontal paths P0-P1 1 are 
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defined across vertical edges E0-E11, vertical paths P12-P23 are defined across 
horizontal edges E12-E23 that vertical routing paths will intersect, +45° paths P24, P26, 
P28, P30, P32, P34, P36, P38, P40 are defined across -45° edges E24, E26, E28, E30, 
E32, E34, E36, E38, E40, and -45° paths P25, P27, P29 5 P31, P33, P35, P37, P39, P41 
are defined across +45° edges E25, E27, E29, E31, E33, E35, E37, E39, E41. 

The congestion problem can be expressed and analyzed in terms of either the edge 
capacities or the path capacities, as these two sets of capacities are intertwined. The 
processes described below analyze the capacity issue in terms of the path capacities. One 
of ordinary skill will realize, however, that analogous processes can be used to analyze 
the capacity issue in terms of edge capacities. 

As further described below, some embodiments derive the capacity of each path 
from the size of the edge that the path intersects. For instance, some embodiments 
calculate the capacity of each particular path by dividing the size of the corresponding 
orthogonal edge (/.*, the size of the edge orthogonal to the particular path) with the pitch 
of metal layer corresponding to the particular path. Some embodiments define the pitch 
of a metal layer as the line-to-via pitch. Some embodiments define the line-to-via pitch 
as the minimum required distance between interconnect lines on that metal layer, plus 1/2 
the width of the line, plus 1/2 the width of the via including the metal overlap. 

In some embodiments, the capacities of the diagonal paths differ from the 
capacities of the Manhattan paths. This can be due to the differing size of the edges that 
are orthogonal to the diagonal and Manhattan paths. It can also be due to the pitch of the 
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diagonal lines being different from the pitch of the Manhattan lines. It can further be due 
to the pitch of one layer being different than the pitch of another layer. For example, in 
some embodiments, the capacities of the -45° diagonal paths differ from the capacities of 
the 45° diagonal paths, when the pitch of the -45° metal layer differs from the pitch of the 
45° metal layer. 

In Figure 9, the grid 905 is the same as the partitioning grid illustrated in 
Figure 5. However, one of ordinary skill will appreciate that both congestion grids can 
differ from the partitioning grid. In addition, even though Figure 9 illustrates two 
congestion grids 905 and 910 for some embodiments, one of ordinary skill will appreciate 
that other multi-grid arrangements can be used by other embodiments. 

Some embodiments generally define the number and structure of congestion grids 
based on the number of wiring directions and wiring levels of the wiring model used to 
design the design layout and/or the IC. For instance, some embodiments use a wiring 
model that allows routing in horizontal, vertical, +120° diagonal, and -120° diagonal 
directions. For such a wiring model, two congestion grids can be used. Like grid 905, 
the first grid could be formed by intersecting horizontal and vertical lines, in order to 
define the capacity and measure the congestion of vertical and horizontal routing paths. 
The second grid could be used to define the capacity and measure the congestion of 
±120° diagonal routing paths. This second grid could be similar to the first grid, except 
that the axis of the second grid would be rotated 120° with respect to the axis of the first 
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grid. In other words, this second grid could be formed by a number of intersecting ±30° 
lines. 

B. Congestion and Length Grids. 

Some embodiments use (1) a first grid to partition an IC region and measure 
congestion in this region, and (2) a second grid to measure wirelength costs in the region. 
Figures 13-18 illustrate several such embodiments. These embodiments use the wiring 
model that includes horizontal, vertical, and ±45° interconnect lines. One of ordinary 
skill will understand that other embodiments use other wiring models (such as ones that 
use ±120° lines). 

Figure 13 illustrates a first grid 1305 that some embodiments use to partition an 
IC region into 16 sub-regions. This grid also defines 24 edges E0-E23 that are used to 
measure congestion of Manhattan and non-Manhattan interconnect lines in the region. As 
shown in Figure 14, 24 Manhattan paths P0-P23 and 48 diagonal paths P24-P71 are 
defined across these 24 edges E0-E23. Each path represents one or more tracks of wiring 
in the path's direction across the path's corresponding edge. 

Vertical edges E0-E11 are used to measure congestion of wires (i.e., of 
interconnect lines) that cross these vertical edges in the direction of horizontal paths P0- 
Pll and ±45° diagonal paths P24-P29, P38-P43, P52-P57, and P66-P71. Similarly, 
horizontal edges E12-E23 are used to measure congestion of wires that cross these 
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horizontal edges in the direction of vertical paths P12-P23 and ±45° diagonal paths P30- 
P37, P44-P51,and P58-P65. 

Some embodiments define each route in terms of the paths P0-P71. Paths P0-P71 
are also used to measure congestion in the IC region. In some embodiments, the capacity 
along the diagonal paths P24-P71 is less than the capacity along the Manhattan paths P0- 
P23. For instance, some embodiments specify that (1) each Manhattan path represents 8- 
tracks of wires at the lowest-level child slot (i.e., at the Gcell level), and (2) each diagonal 
path represents 5-tracks of wires at the Gcell level when the diagonal and Manhattan 
layers have the same pitch. Some embodiments specify less than 5-tracks for a diagonal 
path at the Gcell level, when the pitch of the diagonal path's layer is greater than the pitch 
of a Manhattan path layer. 

As mentioned above, some embodiments use a second grid to measure the 
wirelength costs of the routes in the region. This length grid decomposes each 
congestion-grid child slot into smaller slots. For instance, Figure 15 illustrates a length 
grid that decomposes each of the 16 congestion-grid child slots of grid 1305 into 4 slots, 
while Figure 16 illustrates a length grid that decomposes each of the 16 congestion-grid 
child slots of grid 1305 into 16 slots. Other embodiments use other types of grids (e.g., a 
3x5 grid) to decompose the congestion-grid child slots. 

Figure 17 illustrates that the 2x2 partitioning of Figure 15 define 6 paths for 
routing between the resulting 4 slots in each congestion-graph child slot, while Figure 18 
illustrates that the 4x4 partitioning of Figure 16 defines 42 paths for routing between the 
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resulting 16 slots of each congestion-graph child slot. In addition, each type of 
partitioning defines several paths between the length-grid slots of adjacent congestion- 
grid child slots. These paths will be further described below. 

The length grid can be used to estimate the wirelength cost of each net's route by 
identifying one or more segments that traverse the length-grid paths to connect all of the 
net's pins. In other words, for a net's route, an estimated wirelength cost is the length of a 
set of length-grid paths that (1) connect the length-grid slots that contain the net's pins, 
and (2) cross the same congestion-graph edges in the same direction as the congestion- 
graph paths used by the net's route. The wirelength cost of a set of length-grid paths 
includes the cost of the interior paths (i.e., length-grid paths inside congestion-grid slots) 
that connect the length-grid slots containing the net's pins, plus the cost of the periphery 
length-grid path(s) that cross the incident congestion-graph edge(s). 

In some embodiments, propagating a congestion-grid path to a periphery length- 
grid path (i.e., a length-grid path between congestion grid slots) might require the setting 
of a virtual pin in the net's pin configuration with respect to the length grid. Accordingly, 
the interior length-grid paths connect the length-grid slots that contain actual or virtual 
pins of the net. Also, as mentioned above, the periphery length-grid paths (i.e., the 
length-grid paths across congestion-graph edges) cross the congestion-graph edges in the 
same direction as the congestion-graph paths used by the net's route. 

Figures 17 and 18 illustrate diagonal length-grid paths between the length-grid 
slots of diagonally-adjacent congestion-grid child slots. In these figures, such diagonal 
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length-grid paths are circled with dashed lines. Some embodiments define such diagonal 
length-grid paths while others do not. 

Also, some of the embodiments that have diagonal length-grid paths between 
diagonally-adjacent congestion-grid child slots use a particular convention to correlate 
these diagonal length-grid paths with the diagonal congestion-graph paths. In some 
embodiments, such -45° length-grid paths are tied either to their corresponding bottom 
and left congestion-graph paths or to their corresponding top and right congestion-graph 
paths. For instance, when a -45° length grid path is used between congestion-graph child 
slots 9 and 12, some embodiments increment the path-usage of paths 53 and 59 by one, 
while other embodiments increment the path-usage of paths 61 and 67 by one. (Paths 53, 
59, 61, and 67 are illustrated in Figure 14.) 

Analogously, some embodiments tie +45° length-grid paths either to their 
corresponding bottom and right congestion-graph paths or to their corresponding top and 
left congestion-graph paths. For instance, when a +45° length grid path is used between 
congestion-graph child slots 8 and 13, some embodiments increment the path-usage of 
paths 58 and 66 by one, while other embodiments increment the path-usage of paths 52 
and 60 by one. (Paths 52, 58, 60, and 66 are illustrated in Figure 14.) 

Alternatively, some embodiments tie diagonal length-grid paths between 
diagonally-adjacent congestion-grid child slots to only one of the four surrounding 
congestion-graph paths, and assign one additional track to the capacity of this congestion- 
graph path. Some embodiments tie a -45° length-grid path to its corresponding left 
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congestion-graph path, and tie +45° length-grid path to its corresponding right 
congestion-graph path. Under this approach, some embodiments associate the -45° 
length grid path between congestion-graph child slots 9 and 12 with path 59, and assign a 
capacity of 6 to path 59 at the Gcell level while assigning a capacity of 5 to path 53. 

Yet other embodiments do not correlate the diagonal length-grid paths between 
congestion-graph child slots with the diagonal congestion-graph paths P0-P71. Instead, 
these embodiments define 18 additional diagonal congestion-graph paths between the 18 
pairs of diagonally-adjacent congestion graph slots. Each of these 18 additional 
congestion paths corresponds to a particular length-grid path. Also, at the Gcell level, 
some embodiments define each of these 18 additional paths to be 1 -track wide. 

Different embodiments use the congestion and length grids differently. For 
instance, some embodiments identify routes based on net configurations with respect to 
the congestion grid 1305, and then use the length and congestion grids to compute 
wirelength and congestion costs of the identified routes. Other embodiments successively 
pand a route for a net through the length grid. For each expansion or potential 
expansion, these embodiments use the length grid to cost the expansion or potential 
expansion. If the expansion or potential expansion crosses one of the congestion grid 
edges, these embodiments factor a congestion cost for it. Also, as mentioned above, 
some embodiments only define each route eventually in terms of the paths P0-P71 
defined across the congestion grid, while others do not. 



ex 
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IV. ADAPTIVE SELECTION OF WIRING MODEL 

Some embodiments adaptively select their wiring model based on the aspect ratio 
(height-to-width ratio) of the design region (i.e., the region being designed). Figure 19 
illustrates a process 1900 for making such an adaptive selection. This process is typically 
performed before defining the partitioning grid at 405 of process 400. In some 
embodiments, the designer performs some or all operations of this process manually, 
while in other embodiments the router performs some or all the operations of this process 
in an automated fashion. 



This process initially identifies (at 1905) the aspect ratio of the design region. To 

G 

li identify the aspect ratio, the process can calculate this ratio based on the dimensions of 

. 5=5 

P the design region, or it can retrieve a pre-tabulated aspect ratio for the design block. The 
process next selects (at 1910) a wiring model based on the identified aspect ratio. In 
U some embodiments, the process 1900 then adaptively selects (at 1915) the partitioning 
% and/or congestion grids. In some embodiments, the process adaptively selects the 
l5* partitioning and/or congestion grids based on the wiring model. 

Adaptive selection of the wiring model allows a design region to be routed with a 
view to achieving certain design objectives (e.g., minimizing wirelength and congestion). 
For instance, when designing a circuit block that has a relatively large aspect ratio (i.e., a 
circuit block that is tall and skinny), some embodiments adaptively select a wiring model 
20 that allows routing in horizontal, vertical, ±120° diagonal directions, because such a 
wiring model reduces wirelength and congestion for routing such a circuit block. For 
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such a wiring model, some embodiments use a first congestion grid (like grid 905 of 
Figure 9) that is formed by intersecting horizontal and vertical lines, and a second 
congestion grid that is formed by intersecting ±30° lines, as described above. 

Also, for such a wiring model and IC region, some embodiments use a 
5 partitioning grid that divides the IC region into smaller regions that have large aspect 
ratio. In some such embodiments, diagonally-adjacent partitioned regions have their 
centers offset by 120° from each other, so that their centers can be connected by 120° 
diagonal lines. 

□ Numerous other wiring models can be used for a design block with a large aspect 

ratio. For instance, another wiring model would be one that would allow routing in the 
fl horizontal, vertical, ±45° diagonal, and ±120 diagonal directions. For such a wiring 
T model, some embodiments might use the following three congestion grids: (1) a first grid 

^ that is for horizontal and vertical paths and that is formed (like grid 905 of Figure 9) by 

O 

% intersecting horizontal and vertical lines, (2) a second grid that is for ±1 20° paths and that 
IS is formed by intersecting ±30° lines, and (3) a third grid that is for ±45° paths and that is 
formed by intersecting ±45° diagonal lines. 

Similarly, numerous wiring models can be used for a design block with a small 
aspect ratio (i.e., a block that is short and wide). For instance, some embodiments might 
adaptively select for such a block a wiring model that allows routing in horizontal, 
20 vertical, ±30° diagonal directions. For such a wiring model, some embodiments use the 
following two congestion grids (1) a first grid that is for horizontal and vertical paths and 
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that is formed (like grid 905 of Figure 9) by intersecting horizontal and vertical lines, and 
(2) a second grid that is for ±30° diagonal paths and that is formed by intersecting ±120° 
lines. 

For such a wiring model and congestion grid, some embodiments use a 
partitioning grid that divides the IC region into smaller regions that have small aspect 
ratio. In some such embodiments, diagonally-adjacent partitioned regions have their 
centers offset by 30° from each other, so that their centers can be connected by 30° 
diagonal lines. 

Another wiring model for such a block would be one that would allow routing in 
the horizontal, vertical, ±45° diagonal, and ±30° diagonal directions. For such a wiring 
model, some embodiments use the following three congestion grids: (1) a first grid that is 
for horizontal and vertical paths and that is formed (like grid 905 of Figure 9) by 
intersecting horizontal and vertical lines, (2) a second grid that is for ±30° diagonal paths 
and that is formed by intersecting ±120° lines, and (3) a third grid that is for ±45° 
diagonal paths and that is formed (like grid 910 of Figure 9) by intersecting ±45° lines. 

When the design block is square, some embodiments might select a perfectly 
symmetrical wiring model, such as the five-layer octagonal wiring model discussed above 
by reference to Figure 3. However, in this situation, other embodiments might select 
more complicated wiring models. For instance, some embodiments might select a nine- 
layer wiring model, which includes the first five layers illustrated in Figure 3 plus 
another four layers that are similar to layers 2-5 illustrated in Figure 3. One set of 
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congestion grids for such a wiring model can include the above-mentioned grids 905 and 
910 for layers 2-5, and another two grids similar to grids 905 and 910 for layers 6-9. 

Another complicated symmetrical wiring model that some embodiments might 
use is similar to the 9-layer model described above, except that the preferred directions in 
the last four layers (i.e., layers 6-9) have been shifted by 22.5° in the same direction. This 
would result in a wiring model that would provide 1 6-directions of routing from any 
given point, where each routing-path direction is 22.5° from its neighboring routing-path 
directions. One set of congestion grids for such a wiring model can include grids 905 and 
910 mentioned above for layers 1-5, and another two grids that are 22.5°-shifted versions 
of grids 905 and 910 for layers 6-9. 

V. PRE-T ADULATING ROUTING INFORMATION 

As mentioned above, some embodiments pre-compute and store routes for 
different configuration of child slots in a storage structure. At run-time, the router in 
these embodiments identifies some or all of the routes for a net by (1) identifying the 
configuration of each net with respect to the partitioning grid, and (2) retrieving from the 
storage structure the routes for the identified-configurations. One manner of pre- 
tabulating Steiner-tree routes is described below by reference to Figures 20-34. 

Other embodiments, on the other hand, use net configurations to generate routes 
in real time. Yet other embodiments use net configurations to retrieve and generate 
routes. For instance, some embodiments use net configurations to retrieve pre-tabulated 
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routes for certain nets and to generate routes for other nets. One such approach is 
described below by reference to Figures 35-38. 

A. Pre-tabulating Steiner-Tree Routes 

Figures 20-34 illustrate one manner of pre-tabulating Steiner trees that model 
possible net configurations with respect to the partitioning grid. The pre-tabulation of 
attributes of these trees are also described below. As mentioned above, a router can use 
such pre-tabulated routes and/or attributes during the routing process. Other EDA 
applications can also use these routes and/or attributes. For instance, as disclosed in 
United States Patent Application entitled "Recursive Partitioning Placement Method and 
W Apparatus", filed on December 6, 2000, and having the serial number 09/732,181, placers 
m might use pre-tabulated wirelength, path-count values, and/or path-probability values to 
P measure the cost of a placement. 

h 1. Calculating the length of an interconnect line 

£ connecting two nodes of a tree. 

~? 

15 Figures 20 and 21 illustrate how some embodiments calculate the length of an 

interconnect line connecting two nodes of a tree. These embodiments perform these 
operations by treating the two nodes as opposing corners of a bounding box that has a 
long side (L) and a short side (S). 

Figures 20 presents an example of a bounding-box 2005 for two nodes 2035 and 
20 2040. As shown in this figure, the line 2010 traverses the shortest distance between 
nodes 2035 and 2040 for layouts that utilize horizontal, vertical, and diagonal 
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interconnect lines. This line is partially diagonal. Specifically, in this example, one 
segment 2020 of this line is diagonal, while another segment 2015 is horizontal. 

Equation (A) below provides the distance traversed by line 2010 (i.e., the 
minimum distance between the nodes 2035 and 2040). 

Distance = [L - {S (cos A / sin A)}] + S/sin A (A) 

In this equation, "L" is the box's long side, which in this example is the box's width 2025 
along the x-axis, while "S" is the box's short side, which in this example is its height 2030 
along the y-axis. Also, in this equation, "A" is the angle that the diagonal segment 2020 
makes with respect to the long side of the bounding box. In some embodiments, this 
angle A corresponds to the direction of some of the diagonal interconnect lines in the 
layout. For instance, in some embodiments, the angle A equals 45° when the layout uses 
the octagonal wiring model illustrated in Figure 3. 

Equations (B)-(D) below illustrate how Equation (A) is derived. The length of the 
line 2010 equals the sum of the lengths of its two segments 2015 and 2020. Equation (B) 
provides the length of the horizontal segment 2015, while Equation (C) provides the 
length of the diagonal segment 2020. 

Length of 20 1 5 = L - (Length of 2020) * (cos A) (B) 
Length of 2020 = S/sin A ( c ) 
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Equations (B) and (C) can be combined to obtain Equation (D) below, which when 
simplified provides Equation (A) above. 

Distance = Length of 20 1 5 + Length of 2020 

L-S/sinA*(cosA) + S/sinA (D) 
When the angle A equals 45°, Equation (A) simplifies to Equation (E) below. 

Distance = L + S * (sqrt(2) - 1 ) ( E ) 

When the bounding box has no width or height, then the bounding box is just a 
line, and the minimum distance between the opposing corners of this line is provided by 
the box's long (and only) side, which will be a horizontal or vertical line. When the 
bounding box has equal sized height and width {i.e., when it is a square) and the angle A 
is 45°, a line that is completely diagonal specifies the shortest distance between the box's 
two opposing corners. 

Figure 21 illustrates a process 2100 that identifies a bounding box for two nodes 
of a tree, and calculates the length of an interconnect line connecting the two nodes based 
on the bounding box's dimensions and Equation (A). This process initially (at 2105) 
determines whether the x-coordinate (Xi) of the first node is greater than the x-coordinate 
(X 2 ) of the second node. If so, the process defines (at 2110) the x-coordinate (X,) of the 
first node as the maximum x-coordinate (X Ma x), and the x-coordinate (X 2 ) of the second 
node as the minimum x-coordinate (X M in). Otherwise, the process defines (at 2115) the 
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x-coordinate (X 2 ) of the second node as the maximum x-coordinate (X Max ), and the x- 
coordinate (Xi) of the first node as the minimum x-coordinate (X M in)- 

Next, the process determines (at 2120) whether the y-coordinate (Yj) of the first 
node is greater than the y-coordinate (Y 2 ) of the second node. If so, the process defines 
(at 2125) the y-coordinate (Y0 of the first node as the maximum y-coordinate (Y Max ), and 
the y-coordinate (Y 2 ) of the second node as the minimum y-coordinate (Y M in). 
Otherwise, the process defines (at 2130) the y-coordinate (Y 2 ) of the second node as the 
maximum y-coordinate (Y Max ), and the y-coordinate (Y,) of the first node as the 
minimum y-coordinate (Y M in). 

The process then defines (at 2135) the four coordinates of the bounding box as 
(Xmin, Ymin), (Xmin, Ymax), (Xmax, Y M in), and (X M ax, Y M ax). Next, the process 
determines (at 2140) the bounding-box's width and height. The process determines 
(l)the width by taking the difference between the box's maximum and minimum x- 
coordinates, and (2) the height by taking the difference between the box's maximum and 
minimum y-coordinates. The process then determines (at 2145) whether the computed 
width is greater than the computed height. If so, the process defines (2150) the width as 
the long side and the height as the short side. Otherwise, the process defines (at 2155) the 
width as the short side and the height as the long side. 

After 2150 or 2155, the process then uses (at 2160) the above-described 
Equation (A) to compute the length of the shortest interconnect line that connects the two 
nodes. The process then ends. 
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2. Constructing Steiner Trees for All Possible Net Configurations and 
Pre-tabulating Length and Wiring Path Information for each Tree. 

Figure 22 illustrates a process 2200 that (1) constructs one or more optimal 
Steiner trees for each possible net configuration with respect to a partitioning grid, 
(2) stores the length of each constructed Steiner tree in a storage structure, such as a look- 
up table ("LUT"), (3) computes and stores the probability of the trees using each wire 
path in the grid, and (4) stores the identity of each tree by storing the wire paths for each 
tree in the storage structure. 

This process 2200 is performed before the router starts its operation, so that the 
router does not have to construct in real-time Steiner trees for each net configuration. 
Instead, because of process 2200, the router needs only (1) to identify the configuration of 
each net with respect to the partitioning grid, and (2) to retrieve stored attributes for the 
identified configuration. 

As shown in Figure 22, process 2200 initially starts (at 2205) by defining a tree 
node for each sub-region (also called slot) defined by a particular partitioning grid. 
Figure 23 pictorially illustrates sixteen tree nodes 2305 for sixteen slots created by a 4- 
by-4 partitioning grid. These nodes represent all the potential nodes of trees that model 
the interconnect topologies of all the net configurations. In Figure 23, the identified 
nodes are positioned at the center of each slot. In other embodiments, the nodes can 
uniformly be defined at other locations in the slots (e.g., can be uniformly positioned at 
one of the corners of the slots). 
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Next, the process 2200 defines (at 2210) a set N of possible node configurations. 
When the partitioning grid defines Y (e.g., four, nine, sixteen, twenty, etc.) sub-regions, 
set N includes 2 Y node configurations. After defining the set N of possible node 
configurations, the process 2200 select (at 2215) one of the possible node configurations 
5 Nt from this set. 

The process then constructs (at 2220) one or more minimum spanning trees 
("MST's") for the node configuration selected at 2215, and computes each constructed 
tree's length (MST_Cost). As further described below, each constructed MST can have 
H> edges that are completely or partially diagonal. A node configuration that has less than 

m two nodes does not have a MST, and accordingly its MST_Cost is zero. In addition, 

m 

£ Figure 25A illustrates a process 2500 that constructs one or more MST's and computes 

S each MST's length for node configurations with two or more nodes. This process 2500 

n will be described further below. 

•S3* 

After 2220, the process 2200 identifies (at 2225) potential Steiner nodes, and then 
defines (at 2230) all possible sets of Steiner nodes. One manner of identifying potential 
Steiner nodes will be explained below by reference to Figure 24. Each set of Steiner 
nodes that is defined at 2230 includes one or more of the Steiner nodes identified at 2225. 
Also, each defined set of Steiner nodes has a maximum size that is two nodes less than 
the number of nodes in the selected node configuration. 

20 For each set of Steiner nodes identified at 2230, the process then (at 2240) (1) constructs 
one or more MST's of the nodes in the selected node configuration and the selected 
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Steiner-node set, and (2) computes and stores each MST's length (MST_Cost). Each 
constructed MST can use edges that are completely or partially diagonal. As mentioned 
above, a node configuration that has less than two nodes does not have a MST, and 
accordingly its MST_Cost is zero. In addition, Figure 25A illustrates a process 2500 that 
5 constructs one or more MST's and computes each MST's length for node configurations 
with two or more nodes. This process 2500 will be described further below. 

Next, the process 2200 selects (at 2240) the shortest set of the MST's generated at 
2220 or 2235 as the optimal Steiner trees for the current node configuration. In other 

H embodiments, this process uses other criteria to select its set of Steiner trees. At 2240, 

«=. 

f| the process also stores in a storage structure (such as a LUT) the length (MST_Cost) of 

~ the Steiner tree or trees identified at 2240. 

f After selecting one or more Steiner trees for the current node configuration at 

? 2240, the process 2200 calls (at 2245) a process 2600 to calculate the routing-path 

□ 

=f information and the path-usage probabilities resulting from the selected Steiner trees. 

■sss 

iS This process will be described below by reference to Figure 26. 

The process 2200 next determines (at 2250) whether it has examined all the node 
configurations in the set N defined at 2210. If not, the process returns to 2215 to select an 
unexamined node configuration from this set and then repeat operations 2220-45 for the 
newly selected node configuration. Otherwise, the process ends. 

20 Figure 24 illustrates a process 2400 for identifying potential Steiner nodes. The 

process 2400 of Figure 24 only needs to be performed for node configurations with three 

38 Attorney Docket: SPLX.P0049 



or more nodes, because each set of Steiner nodes defined at 2220 has a maximum size 
that is two nodes less than the number of nodes in the selected node configuration (i.e., 
because Steiner-node sets are not defined at 2220 for node configurations with two or 
fewer nodes). 

The process 2400 starts (at 2405) by initializing a set P of potential Steiner nodes 
equal to all the nodes defined at 2205 that are not part of the node configuration selected 
at 2215. This process then selects (at 2410) one of the potential Steiner nodes. Next, the 
process 2400 determines (at 2415) whether the node (Q) selected at 2410 is on a shortest 
path between any two nodes in the selected node configuration. To make this 
determination, the process determines whether any two nodes (B and C) exit in the node 
configuration such that the distance between the two nodes (B and C) equals the sum of 
% (1) the distance between the first node (B) and the selected node (Q), and (2) the distance 
between the second node (C) and the selected node (Q). In some embodiments, the 
process uses the above-described process 2100 and Equation (A) to calculate the distance 



yy 
h 



l5 between any pair of nodes. 

fy 

If the process determines that the node Q selected at 2410 lies on a shortest path 
between any two nodes in the node configuration, the process keeps (at 2420) the selected 
node in the set P of potential Steiner nodes, flags this node as a node that it has examined, 
and transitions to 2430, which is described below. On the other hand, if the selected node 
20 (Q) is not on the shortest path between any two nodes in the selected node configuration, 
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the process removes (at 2425) the selected node from the set P of potential Steiner nodes, 
and transitions to 2430. 

At 2430, the process determines whether it has examined all the nodes in the set 
of potential Steiner nodes. If not, the process returns to 2410 to select another node in 
this set so that it can determine at 2415 whether this node is on a shortest path between 
any two nodes in the selected node configuration. When the process determines (at 2430) 
that it has examined all the nodes in the set of potential Steiner nodes, it ends. 

Figure 25A illustrates a process 2500 that the process 2200 of Figure 22 uses at 
2220 and 2235 to construct minimum spanning trees. A minimum spanning tree for a 
i4 node configuration is a tree that has N-l edges that connect (i.e., span) the N nodes of the 
configuration through the shortest route, which only branches (i.e., starts or ends) at the 
nodes. 



u 

n 



CO 



In some embodiments of the invention, the edges of the MST's can be horizontal, 
vertical, or diagonal. The diagonal edges can be completely or partially diagonal. Also, 
15 when the layouts use diagonal interconnect lines (e.g., ±45° interconnect lines), the 
diagonal edges of the MST's can be in the same direction (e.g., can be in ±45° direction) 
as some of the diagonal interconnect lines in the layout. For instance, when the layout 
uses an octagonal wiring model (i.e., uses horizontal, vertical, and 45° diagonal lines), 
some embodiments construct MST's that have horizontal, vertical, and 45° diagonal 
20 edges. 
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By treating the two nodes of each edge of an MST as two opposing corners of a 
bounding box, the length of each edge can be obtained by using the above-described 
process 2100 and Equation (A). 

Distance = [L - {S (cos A / sin A)}] + S/sin A (A) 

5 As described above, in this equation, "L" is the box's long side, "S" is the box's short side, 
and "A" is the angle that the diagonal segment of the edge makes with respect to the long 
side of the bounding box. 

u The process 2500 starts whenever the process 2200 calls it (at 2220 or 2235) 

S ( i ) to construct one or more MST's for a set M of nodes, and (2) to calculate the length of 

bJ 

W each constructed MST. This process initially (at 2505) sets the MST length (MST_Cost) 
£ to zero. Next, the process (at 2510) (1) selects a node from the received set M of nodes 
as the first node of the spanning tree, and (2) removes this node from this set M. 



jr The process 2500 then calls (at 25 1 5) a process 2550 illustrated in Figure 25B, in 

5 , , 

fU order to identify one or more linked set of nodes that represent one or more complete 

15 MST's. The process 2550 is a recursive process that, when called, receives (1) a set of 

nodes that represents an incomplete MST, and (2) a set of nodes M that are the nodes of 

the node configuration that have not yet been added to the received incomplete MST. 

When the process 2500 calls the process 2550, it supplies the process 2550 the first node 

selected at 2510, and the modified set of remaining nodes M. In response, the recursive 

20 process 2550 returns one or more linked set of nodes that represent one or more MST's, 

as further described below. The process 2550 might return more than one copy of the 
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same linked node set. Accordingly, after the process 2500 receives one or more linked 
node sets from process 2550, the process 2500 eliminates (at 2520) any duplicate copy of 
the same received linked node set, so that there is only one copy of each received node 
set. After 2520, the process 2500 returns the constructed MST's and their lengths, and 
5 then ends. 

As shown in Figure 25B, the process 2550 defines (at 2525) a remainder set R of 
nodes equal to the set M of nodes that it received when it was called. At 2530, the 
process 2550 selects a node from the remaining node set R, and removes the selected 
H= node from the set of remaining nodes. The process then computes and stores (at 2535) 
ffl the distance between the node selected at 2530 and each current node of the received 
j5 incomplete MST. The distance between the selected node and each node can be traversed 
h\ by an edge that is completely or partially diagonal. Hence, in some embodiments, the 
O process 2550 uses the above-described process 2100 and Equation (A) to compute the 

E 

y minimum distance between the selected node and each node. 

=== 

W Next, the process determines (at 2540) whether there is any node remaining in 

set R. If so, the process returns to 2530 to select another node from this set, so that it can 
compute (at 2535) the distance between this node and the current nodes of the spanning 
tree. Otherwise, the process (at 2545) identifies the smallest distance recorded at 2535, 
and identifies the node pair or pairs (where, in each pair one node is from the received set 

20 M and one node is from the received MST) that resulted in this distance. 
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The process 2550 then (at 2555) adds the identified smallest distance to the MST length 
(MST_Cost). Next, the process determines (at 2560) whether it identified more than one 
pair of closest nodes. If not (i.e., if the identified minimum distance is between only one 
node in set M and only one node in the MST), the process (at 2565) (1) defines a tree 
node corresponding to the set-M node identified at 2545, (2) removes the identified node 
from set M, and (3) links the defined tree node to the MST node identified at 2545. At 
2565, the process 2550 also recursively calls itself and supplies the modified MST and 
the modified set M, when set M is empty after the removal of the identified node. On the 
other hand, when the modified set M is empty, the process 2550 transitions from 2565 to 
2575, where it returns one set of nodes that represents one complete MST that was 
completed by the linking at 2565. After 2575, the process 2550 terminates. 

If the process 2550 determines (at 2560) that it identified (at 2545) more than one 
"closest" node pairs, it sequentially and recursively tries to obtain a complete MST based 
on each identified closest node pair. In other words, this process initially selects one of 
the identified node pairs, and then (1) removes the selected pair's set-M node from set M, 
(2) links the removed node to the pair's MST node, and (3) recursively repeats for the 
modified MST and the modified set M. Once the process 2550 receives the results of this 
recursion (i.e., when this process receives the complete MST's for the selected node pair), 
it then selects the next identified node pair, and performs the same three operations in 
order to obtain complete MST's based on this node pair. The process continues in this 
manner until it generates the MST's based on each of the identified "closest" node pairs. 
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After sequentially processing each identified node pair, the process returns (at 2575) the 
MST's, and then terminates. 

Figure 26 illustrates a process 2600 that calculates the routing-path information 
and the path-usage probabilities resulting from the Steiner trees selected at 2250. This 
process 2600 starts each time process 2200 calls it at 2245 and provides it with a set of 
Steiner trees. 

The process 2600 starts by initializing (at 2605) a global count variable that stores 
a count value for each path. For each received tree, the process initializes (at 2610) a bit 
string for storing that tree's routing path information. The process then selects (at 2615) a 
received Steiner tree, and selects (at 2620) one of the edges in the tree (i.e., selects a pair 
of linked nodes in the tree, where these nodes were linked at 2565 or 2570 of process 
2550). Next, the process determines (at 2625) whether more than one set of paths exist to 
route the selected tree edge (i.e., to connect the selected pair of nodes). In some 
embodiments, the process retrieves the path values for the selected tree edge from a 
15 storage structure (e.g., a LUT) that stores path-usage values for any combination of the 
tree slot nodes. In other words, this storage structure maps the endpoints of each possible 
tree edge within the grid to a set of path-usage values. 

When the tree edge endpoints are not adjacent (i.e., when the pair of nodes 
selected at 2620 are not adjacent), more than one optimal route might exist between the 
20 endpoints (i.e., between the node pairs). Hence, the path-usage values in the LUT might 
specify values for multiple optimal routes. 
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Two sets of node connections that could represent the three Steiner trees shown in 
Figures 6-8 are (l)node set formed by node 610-node 615-Steiner node 620-node 625- 
node 630 for the Steiner tree 605 of Figure 6, and (2) the node set formed by node 625- 
node 610-node 615-node 635 for the Steiner trees of Figures 7 or 8. 

In the first set of nodes representing the Steiner tree 605 of Figure 6, only one 
route exists between any two connected pairs of nodes. Hence, for any pair from this set, 
the mapping LUT would return 42 values, with all the values equal to 0 except the value 
for the path between the selected node pair. This non-zero value would be 1 to indicate 
that only one route exists between the selected node pair. 



On the other hand, for the second set of nodes representing either Steiner tree 705 

m 

H= or 805, two routes exist between nodes 615 and 630. The Steiner tree 705 uses one of 

5 these routes, while the Steiner tree 805 uses the other. For this node pair (i.e., for nodes 
B 

fi 615 and 630) in this node set, the mapping LUT would return two 42-bit strings, one for 
p Steiner tree 705 and one for Steiner tree 805. The bit string for tree 805 has values for 
15 paths 1 and 28 set to 1 and the remaining values set to 0, while the bit string for tree 705 
will have values for paths 5 and 26 set to 1 and the remaining values set to 0. 

If the process did not retrieve more than one bit string at 2625, it transitions to 
2635, which will be described below. Otherwise, when the process retrieves N bit strings 
(where N is an integer equal or greater than 2) for N routes for routing the selected tree 
20 edge (i.e., for connecting the selected pair of nodes), the process makes N-l duplicate 
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copies of the current bit string or strings of the current tree, and embeds the different 
routes among the copies of the tree. 

In other words, the process makes (at 2630) N-l duplicate copies of the bit string 
or strings of the current tree; a bit string for the current tree was initialized at 2610, and 
the current tree will have multiple bit strings if its bit string was previously duplicated at 
2630. From 2630, the process transitions to 2635. 

At 2635, the process modifies the bit string or strings for the current tree with the 
bit string or strings (retrieved at 2625) for the selected tree edge. Next, the process 
determines (at 2640) whether it has examined the last edge of the current tree (i.e., 
whether it has examined the last linked node pair in the current tree). If not, the process 
transitions back to 2620 to select the next tree edge (i.e., the next linked node pair). 

When the process determines (at 2640) that it has examined the last tree edge, it 
then determines (2645) whether it has examined the last tree supplied by the process 
2200. If not, the process returns to 2615 to select another tree and then determine the 
path-usage for this tree. Otherwise, the process transitions to 2650. 

By the time the process 2600 reaches 2650, it has generated bit-string 
representation of one or more trees. Each tree's bit-string representation is a 42-bit string. 
As mentioned above, one node-representation of a tree might result in multiple bit-string 
representations when the tree's node set has one or more pairs of linked nodes that are not 
adjacent and one or more sets of paths exist between the non-adjacent linked pairs. 



46 



Attorney Docket: SPLX.P0049 



In addition, a node configuration selected at 2215 might result in different MST 
node representations (i.e., different node-represented MST's) that produce identical MST 
bit representations (i.e., produce identical bit-represented MST's). Accordingly, at 2650, 
the process examines all the bit- string-represented trees and eliminates any duplicate copy 

of the same bit-string-represented tree. 

i 

When a node configuration selected at 2215 results in a large number of bit-string- 
represented trees, the process 2600 can use a binary search tree ("BST") to quickly sort 
and search the trees and thereby quickly identify and eliminate duplicate copies of the 
same tree. One such BST is described below by reference to Figures 32 and 33. 

All the bit-represented trees that remain after 2650 are unique. Hence, after 
eliminating duplicate copies of the same trees, the process 2600 stores (at 2655) all bit- 
string-represented trees that remain in a storage structure (such as a LUT). As described 
in the example below, each bit string specifies the route of a routing tree for the current 
S node configuration. Specifically, as described in the example below, each stored bit 

ru 

15 string specifies the routing paths that a routing tree for the current node configuration 
traverses. At 2655, the process increments each path value of the global count variable 
with each bit-string-represented tree's corresponding path value, in order to generate a 
total count value for each path. The process then records this usage count for each path. 
Also, for each particular path, the process (at 2650) (1) divides the usage count by the 

20 number of the trees remaining after 2650 in order to obtain the usage probability value of 



L-L 
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the particular path, and then (2) stores this resulting probability value. The process then 
ends. 

For the Steiner trees shown in Figures 6-8, the process 2600 would identify three 
strings of 42 -bits that specify the routing path information for the three trees 605, 705, 
805. These three bits strings for trees 605, 705, and 805 would respectively be: 

0000000000 1 00000000000000000 1 0000000 1 1 000 1 ; 

000000000000000 1 000000000 1 000 1 000000 1 0000 1 ; 

0000000000000 1 00000000000 1 000 1 0000000000 1 1 . 

(In this document, the least significant bit ("LSB") of a bitstring is the rightmost bit, and 
the most significant bit ("MSB") of the bitstring is the leftmost bit.) Figures 27 and 28 
respectively illustrate examples of path-usage counts and path-usage probabilities for the 
Steiner trees 605, 705, and 805 of Figures 6-8. In the discussion below, path-usage 
probability values are referred to as "probabilistic Steiner tree values." 

3. Retrieving Steiner Trees 

When the Steiner-tree routes are pre-tabulated according to process 2200, a router 
at run-time identifies one or more Steiner-tree attributes (e.g., routes) for a net in the 
following manner. The router first identifies the net's configuration with respect to the 
partitioning grid. It then uses the identified configuration to retrieve one or more 
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attributes (e.g., routes) that are stored for the identified configuration in the storage 
structure. 

In some embodiments, the storage structure is a look-up table ("LUT") of floating 
point numbers. In some of these embodiments, the LUT is indexed by a configuration 
5 code. In other words, to retrieve a particular attribute for a particular net configuration, 
the configuration code for the net configuration is identified, and this configuration code 
is used to identify the entry in the LUT that stores the desired attribute. 

Some embodiments use the octagonal wiring model illustrated in Figure 3, and 
S specify each net's routing path in terms of the 42 diagonal and Manhattan routing paths 
ll illustrated in Figure 12. In some of these embodiments, the LUT stores 42-bits for each 

m 

M= route, where each bit represents one of the 42 paths. Also, each net's configuration code 

ft*. 
===== 

is a 16-bit number, where each bit represents a sub-region defined by the 4x4 partitioning 

□ 

£ grid. Each configuration-code bit is set (e.g., equals 1) when the associated net has a pin 
□ in the sub-region represented by the configuration-code bit, and is not set (e.g., equals 0) 
15 when the associated net does not have a pin in this sub-region. Also, in these 

embodiments, there are 2 16 configuration codes that represent the 2 16 possible net 

configurations. 

For instance, the net configuration code is 000001000000001, when the net has a 
pin in slots 0 and 9. For such a configuration, some embodiments pre-tabulate two trees, 
20 one that uses paths P17 and P24, and another that uses paths P12 and P30. Each of these 
trees can be specified by a string of 42 bits. The bit string for the first tree is, 

49 Attorney Docket: SPLX.P0049 



00000000000000000 1 000000 1 00000000000000000, 

while the bit string for the second tree is, 

00000000000 1 00000000000000000 1 000000000000. 

Some embodiments store these two bit strings in a LUT, and retrieve these two bit strings 
by using the 16-bit configuration code of the net configuration 0000001000000001 . 

4. Storing Steiner Trees in a Compressed Form 

A variety of compression techniques can be employed to store and use Steiner-tree 
routes for sets of net configurations. One such technique is illustrated in Figure 29. The 
process 2900 of this figure is similar to the process 2200 described above, except that the 
process 2900 has two additional operations 2905 and 2910, and has slightly different 
operations 2215 and 2250. Operations 2205, 2210, and 2220-2245 of process 2900 are 
identical to similarly numbered operations 2205, 2210, and 2220-2245 of process 2200. 
Accordingly, these operations 2205, 2210, and 2220-2245 will not be further described 
below, in order not to obscure the description of the invention with unnecessary detail. 

The process 2900 performs the additional operations 2905 and 2910 to reduce the 
amount of information that is pre-tabulated. The first operation 2905 reduces the number 
of potential net configurations for which the process 2900 pre-tabulates routes, while the 
second operation 2910 ensures that the process 2900 stores each Steiner-tree route only 
once. 
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Both of these operations are further described below. One of ordinary skill, 
however, will realize that some embodiments do not use both these operations. For 
instance, some embodiments might only perform 2910 to ensure that each Steiner-tree 
route is only stored once. 

5 a. Symmetrical Net Configurations 

The operation 2905 groups the potential net configuration identified at 2210 into 
sets of symmetrical net configurations. From 2215-2250, the process 2900 then generates 
and stores one set of Steiner trees for one designated net configuration of each group of 
O symmetrical configurations. This flow is directed by 2215 and 2250. At 2215, the 
m process 2900 selects a designated node configuration that it has not previously examined. 

U At 2250, the process determines whether it has examined the designated node 

m 

configuration for each group of symmetric node configurations. At run-time, the 

□ 

tj designated configuration of each group directly uses the pre-tabulated routes for its group, 

f . while the non-designated configurations of each group generate their routes from the pre- 

fU , 

1 5 tabulated routes for their group. 

Figures 30 and 31 illustrate one technique for performing this grouping. This 
technique is performed for Figure 5 f s 4x4 partitioning grid. In this grid, each net 
configuration is symmetrical with respect to seven other net configurations. These seven 
symmetrical configurations can be identified by (1) rotating the net configuration by 90°, 
20 (2) rotating it by 1 80°, (3) rotating it by 270°, (4) flipping the net configuration about the 
x-axis, (5) rotating the net configuration by 90° and flipping the result about the x-axis, 
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(6) rotating it by 180° and flipping the result about the x-axis 5 (7) rotating it by 270° and 
flipping the result about the x-axis. 

In the embodiments described below, the rotation and flip operations are defined 
with respect to a Cartesian coordinate system that has (1) an x-axis parallel to the width 
of the 4x4 partitioning grid (i.e., width of the layout), (2) a y-axis parallel to the height of 
the grid, and (3) an origin at the intersection of grid's slots 5, 6, 9, and 10, which are 
illustrated in Figure 5. Specifically, the rotation is defined in terms of a clockwise 
rotation about the origin. The flipping of a configuration involves changing the sign of 
the y-coordinate of each configuration slot. Table 1 below illustrates an example of eight 
net configurations that are related based on the above-described symmetrical relationship. 



Table 1 



Configuration 


Slots With Pins ; 


. Description of Symmetry 


0000000100000001 


0,9 


Original configuration 


0000101000000000 


10,12 


Rotate by 90° 


1000000000100000 


6,15 


Rotate by 180° 


0000000000101000 


3,5 


Rotate by 270° 


0000001000001000 


5,12 


Flip about x-axis 


1000000100000000 


0,6 


Rotate by 90°and flip about x-axis 


0001000000100000 


3,10 


Rotate by 180° and flip about x-axis 


0000000001000001 


9,15 


Rotate by 270° and flip about x-axis 



Figure 31 illustrates a process 3100 for grouping net configurations according to 
the symmetries described above. Figure 30 illustrates four data fields that the process 
3100 stores for each configuration. The first field 3000 stores the configuration's 16-bit 
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pin distribution (i.e., its net/node configuration). The second field 3005 specifies whether 
the process 3100 has already grouped the configuration with other configurations. 

The third field 3010 is a reference (e.g., a pointer) to a treelist 3020, which 
includes one or more references to one or more Steiner-tree routes 3025 for the 
configuration's group. Each configuration in a group refers to the same treelist 3020. For 
instance, Figure 30 illustrates three grouped configurations 3030, 3035, and 3040 that 
refer to the same treelist. The fourth field 3015 stores the symmetrical-relation identifier. 
This identifier specifies how to obtain trees for the net configuration from the trees 
stored for the group. In other words, each configuration's identifier specifies how to 
transform one or more trees that are pre-tabulated for the configuration's group into one 
or more trees for the configuration. 



^ The process 2900 performs process 3100 at 2905 after the process 2900 defines 

£ (at 2210) all sets of potential node configurations. As shown in Figure 31, the 
q process 3 1 00 initially selects (at 3 1 05) one of the node configurations that was defined at 
15 2210. It then marks (at 3110) this configuration as grouped in its configurations field 
3005. 

Next, the process records (at 3115) "NONE" in this configuration's relation- 
identifier field 3015. This marking indicates that the pre-tabulated trees specified for this 
configuration (i.e., the trees that will be referred to by this configuration's treelist 3020) 
20 do not need to be transformed in any manner for the selected node configuration. In each 
group of configurations, the configuration that has "NONE" recorded in its relation- 
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identifier field is the designated configuration for the group (i.e., it is the configuration 
that can directly use the Steiner trees that are generated for the group). 

At 3120, the process then creates a treelist 3020 for this configuration's group, and 
links this configuration's reference field 3010 to this treelist. To this treelist, the process 
2900 will add (at 2910) references that refer to the trees for this configuration's group. 

The process 3100 then selects (at 3125) one of the seven symmetrical 
relationships described above. It next uses (at 3130) the selected symmetrical 
relationship to identify one of the seven configurations that are symmetrically related to 
the configuration selected at 3105. Some embodiments have seven LUT's, one for each 
symmetrical-transform relationship. Each LUT provides a one-to-one mapping that 
specifies a symmetrical node for each potential node of a designated node configuration. 
For instance, Table 2 below identifies the corresponding nodes for the symmetrical 
configuration that can be obtained by rotating the designated node configuration by 90°. 



Table 2 



Node of Designated 
Configuration 


Corresponding Node of the 90°- 
Rotated Symmetrical Configuration 


SlotO 


Slot 12 


Slot 1 


Slot 8 


Slot 2 


Slot 4 


Slot 3 


SlotO 


Slot 4 


Slot 13 


Slot 5 


Slot 9 1 


Slot 6 


Slot 5 


Slot 7 


Slotl 


Slot 8 


Slot 14 


Slot 9 


Slot 10 


Slot 10 


Slot 6 


Slot 1 1 


Slot 2 
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Node of Designated 
Configuration 


Corresponding Node or the y\) - 
Rotated Symmetrical Configuration 


Slot 12 


Slot 15 


Slot 13 


Slot 11 


Slot 14 


Slot 7 


Slot 15 


Slot 3 



At 3135, the process then marks the configuration identified at 3130 as grouped in 
the configuration's field 3005. It next records (at 3140) the identity of the relationship 
selected at 3125 (e.g., rotated by 90°) in the configuration's relationship-identifier field 
3015. This operation can be used at run-time to transform one or more trees that are pre- 
5 tabulated for the configuration's group into one or more trees for the configuration 

q identified at 3130. 

O 

hi 

i The process then links (at 3145) the reference field 3010 of the identified 

^ configuration to the treelist 3020 for this configuration's group. At 3 1 50, the process then 
q determines whether it has generated all seven configurations that are symmetrically 
related to the one selected at 3105. If not, the process selects (at 3125) another 
5 symmetrical relationship, and then performs 3130-3145 to identify the related 

ru 

configuration and populate its group fields. 

When the process determines (at 3150) that it has generated all seven 
configurations related to the configuration selected at 3105, it determines (at 3155) 
15 whether it has examined all node configurations that the process 2900 generated at 2210 
(i.e., whether it has marked all generated node configurations as "grouped"). If not, the 
process transitions to 3105 to select a node configuration that has not yet been marked as 
"grouped," and repeats the above-described operations for the newly selected 
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configuration and its symmetrically-related configurations. When the process determines 
(at 3155) that it has examined all node configurations, it ends. 

b. Storing Each Tree Only Once 

At 2910, the process ensures that the process 2900 stores each Steiner-tree route 
5 only once for any node configuration that might use such a route. Like process 2200 of 
Figure 22, the process 2900 calls (at 2245) the process 2600 to calculate the routing-path 
information for the Steiner tree or trees that the process 2900 identified for a node 
configuration. The process 2600 identifies one or more bit strings to represent each 
□ Steiner tree identified by process 2900. The process 2600 also (1) eliminates (at 2650) 
ft! any duplicate copies of each bit-represented tree that it generates for the same node 
configuration, and then (2) stores (at 26555) each remaining bit-represented tree. 



m 



However, when the process 2600 works in conjunction with process 2900, it does 
not permanently store (at 2655) each generated bit string. Instead, it returns the generated 
3 bit strings to process 2900. The process 2900 then checks (at 2910) whether it previously 
15 stored each returned bit string (i.e., each returned Steiner tree) in the storage structure for 
previous node configuration (i.e., for a node configuration that was previously selected at 
2215). If so, the process does not re-store this bit string, but rather links one of the 
references in the node configuration's treelist 3020 to the previously-stored bit string. If 
not, the process stores this bit string in the storage structure 3050 of Figure 30 and links 
20 one of the references in the node configuration's treelist 3020 to the newly-stored bit 
string. 
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A variety of different techniques can be used to check (at 2910) whether the 
process 2900 previously stored a bit string in the storage structure 3050. The 
embodiments described below use a binary-search tree to perform this checking 
operation. 

5 Figure 32 illustrates one such binary-search tree ("BST"). This tree 3200 has 

numerous nodes 3220, with each node having zero or two child nodes. Each node in the 
tree includes two references 3205 and 3210 for referring to the node's left and right child 
nodes. Each node also has a reference 3215 for referring to a 42-bit Steiner tree that 
corresponds to the node. 



The BST has forty-two levels, where each level corresponds to one of the bits in 
the 42-bit string for representing Steiner trees. The BST levels are in the same order as 



~ the bits in the bit string. Accordingly, the BST's 0 th level corresponds to the string's 0 th 

u 

p bit (i.e., the bit corresponding to path 0), the BST's 1 st level corresponds to the string's 1 st 

S bit (/. e. , the bit corresponding to path 1 ), the BST's 2 nd level corresponds to the string's 2 nd 

ry 

15 bit (i.e., the bit corresponding to path 2), etc. At each level, the value of the string bit 
corresponding to that level determines the branching. 

Figure 33 illustrates a process 3300 that the process 2900 uses (at 2910) to 
traverse the BST 3200 to determine whether a Steiner tree was previously stored in the 
storage structure. As shown in Figure 33, the process 3300 initially sets (at 3305) a 
20 variable L to 0. This variable specifies the BST's level that the process 3300 is currently 
examining. At 3310, the process determines whether the L th bit in the bit string is a 0. If 
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not, the process (at 33 15) increments the variable L by one, and defines the current node's 
left child node as the current node. If so, the process increments (at 3320) the variable L 
by one, and defines the current node's right child node as the current node. 

From 3315 or 3320, the process transitions to 3325. Here, the process determines 
whether it has examined all the bits in the bit string, and if not, whether all the remaining 
unexamined bits (i.e., the L th bit to the 41 st bit of the bitstring) are 0. If all the bits have 
not been examined and one or more of the unexamined bits have a value of 1, the process 
returns to 33 10 to examine the current node. 

On the other hand, if all the bits have been examined or all of the unexamined bits 
are 0, the process has found the node that should store the bit string. Accordingly, the 
process determines (at 3330) whether the current node's tree reference 3215 refers to a 
stored tree (i.e., a stored bit string). If not, the process stores (at 3335) the bit string in the 
storage structure 3050 and links the current node's tree reference 3215 to this structure. 
The process also links (at 3335) one of the references in the node configuration's treelist 
3020 to the newly-stored bit string. If the process determines (at 3330) that the current 
node's tree reference 3215 refers to a previously-stored bit string, the process just links (at 
3340) one of the references in the node configuration's treelist 3020 to the previously- 
stored bit string. After 3335 or 3340, the process ends. 

c. Identifying Routes From the Compressed Pre-Tabulated Table 

When the Steiner-tree routes are pre-tabulated according to process 2900, a router 

at run-time identifies one or more Steiner-tree routes for a net in the following manner. 
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The router first identifies the net's configuration with respect to the partitioning grid. 
From the storage structure 3050, it then retrieves one or more routes 3025 specified by the 
treelist 3020 of the identified configuration. 

The process then identifies the symmetrical relationship between the identified net 
5 configuration and the designated configuration for its group. It next uses this relationship 
to identify one or more routes for the identified net configuration from the retrieved 
routes. To do this, some embodiments use seven LUT's, one for each symmetrical- 
transform relationship. Each LUT provides a one-to-one mapping that specifies a path 

jl that is symmetrical to each potential path that a route of the designated node 

O 

ljg configuration can use. 

m 

M= For instance, the net configuration might be 0001010000000000, which indicates 

3 the net having a pin in slot 10 and 12. This configuration is symmetrically related to the 

□ 

S net configuration 0000001000000001, which indicates the net having a pin in slot 0 and 

5=5 
== 

□ 9. Specifically, the configuration 0001010000000000 is obtained when the configuration 
15 0000001000000001 is rotated by 90°. 

When the net configuration 0000001000000001 is the designated configuration, 
some embodiments pre-tabulate two trees, one that uses paths P17 and P24 and another 
that uses paths PI 2 and P30. By rotating these tees by 90°, the router can identify two 
routes for the configuration 0001010000000000. To rotate each tree by 90°, the router 
20 (1) identifies each path used by the tree (i.e., identifies each set bit in the 42-bit string 



59 



Attorney Docket: SPLX.P0049 



specifying the tree), and (2) from the 90°-rotation LUT, identifies the paths that are 
symmetrically related to the identified paths for a 90° rotation of the partitioning grid. 

Accordingly, from the 90°-rotation LUT, the router identifies path 37 as the path 
related to path 24 through a 90° rotation, and identifies path 7 as the path related to path 
17 through a 90° rotation. From the 90°-rotation LUT, the router identifies path 9 as the 
path related to path 12 through a 90° rotation, and identifies path 39 as the path related to 
path 30 through a 90° rotation. In this manner, the router identifies two trees for the 
configuration 0001010000000000. One tree uses paths 7 and 37, and the other uses paths 
9 and 39. 

One of ordinary skill in the art will realize that other embodiments do not identify 
trees for symmetrical-node configurations by using LUT's. For instance, some 
embodiments might mathematically identify trees for symmetrical-node configurations. 
For each symmetrical relationship, these embodiments might use a different mathematical 
equation to map the paths of the pre-tabulated tree to the paths of the symmetrically- 
related tree. 

5. Pre-Tabulating Steiner Trees for Different Wiring Models. 

Some embodiments of the invention pre-tabulate several sets of Steiner trees for 
several different wiring models. For instance, Figure 34 illustrates a process 3400 that 
performs the process 2200 or process 2900 (1) once (at 3405) for a wiring model that has 
horizontal, vertical, and ±45° lines, (2) once (at 3410) for a wiring model that has 
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horizontal, vertical, and ±120° lines, and (3) once (at 3415) for a wiring model that has 
horizontal and vertical lines. 

To model all possible net configurations for a wiring model that uses horizontal, 
vertical, and +45° lines, this process calculates (at 3405) the length, routing path, and 
path-usage values of Steiner trees with potential 45° diagonal edges. In other words, at 
3405, the process 3400 uses 45° as the angle A in Equation (A) that is used by processes 
2400 and 2500 of process 2200 or 2900. 

To model all possible net configurations for a wiring model that uses horizontal, 
vertical, and ±120° lines, this process calculates (at 3410) the length, routing path, and 
path-usage values of Steiner trees with potential 120° diagonal edges. In other words, at 
3410, the process 3400 uses 120° as the angle A in Equation (A) that is used by processes 
2400 and 2500 of process 2200 or 2900. 



To model all possible net configurations for a wiring model that uses horizontal 

: — 3 

™ and vertical lines, these embodiments calculate (at 3415) the length, routing path, and 
15 path-usage values of Manhattan Steiner trees. In other words, at 3415, the process 3400 

uses 90° as the angle A in Equation (A) that is used by processes 2400 and 2500 of 

process 2200 or 2900. 

B. Pre-Tabulating and Generating Trees 

Some embodiments use net configurations to retrieve and generate routes. For 
20 instance, some embodiments use net configurations to retrieve pre-tabulated routes for 
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O 



certain nets while generating routes for other nets. Several such embodiments will now 
be described by reference to Figures 35-38. 

These embodiments pre-tabulate routes, referred to below as "minimum closed 
trees" or MCT's, for closed node configurations. An MCT is a MST for a close node 
configuration. In other words, an MCT is a minimal tree that has N-l edges that span the 
N nodes of the. configuration through the shortest route, which only branches (i.e., starts 
or ends) at the nodes. For open node configurations, these embodiments pre-tabulate 
certain related closed node configurations. The terms closed node configurations and 
open node configurations will be described below by reference to Figures 35 A and 35B. 



3 

o 

U 

B 



Figure 35A illustrates an example of a closed node configuration 3505 (including 
nodes 3515, 3520, 3530, 3535, and 3540), while Figure 35B illustrates an example of an 
open node configuration 3510 (including nodes 3515, 3530, 3535, and 3540). The node 
configuration 3505 is a closed one since all the nodes in this configuration are adjacent to 
at least one other node in the configuration. The node configuration 3510 is an open one 
1 5 since node 35 1 5 is not adjacent to another node in the configuration; in this configuration, 
node 3515 has node 3545 between it and the next closest node 3530. 

Node configuration 3510 has several related closed node configurations. Two 
such configurations that do not result in MCT's with an "antenna" node are (1) a first 
configuration that includes 3515, 3545, 3530, 3535, and 3540, and (2) a second 
20 configuration that includes 3515, 3550, 3530, 3535, and 3540. The first configuration is 
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obtained by adding node 3545 to configuration 3510, while the second configuration is 
obtained by adding node 3550 to configuration 3510. 

A configuration that is obtained by adding node 3555 and either node 3545 or 
3550 to the configuration 3510 is a related closed configuration that will always result in 
5 MCT's that have node 3555 as an antenna node. An antenna node in an MCT of a closed 
node configuration that is obtained by adding one set of nodes to an open node 
configuration, is a node that is part of the added set and that has only one of the MCT's 
edges incident upon it. As further described below, the first two node configurations 
^ (configuration 3515, 3545, 3530, 3535, and 3540, and configuration 3515, 3550, 3530, 
lgj 3535, and 3540) are related closed node configurations that can be pre-tabulated for the 
5 open node configuration 3515, 3530, 3535, and 3540. The third configuration (3515, 
W 3530, 3535, 3540, and 3555), on the other hand, should not be pre-tabulated for this open 

s 

rj configuration since it leads to an antenna node. 

jj53 

q 1. Pre-tabulating MCT's 

15 Figure 36 illustrates a process 3600 that pre-tabulates MCT's for all node 

configurations within a particular partitioning grid, such as the 4-by-4 grid of Figure 5. 
As shown in Figure 36, the process 3600 initially identifies (3605) all potential node 
configurations. 

It then selects (at 3610) a configuration. If the selected configuration is a closed 

20 one, the process next identifies (at 3615) all MCT's for the selected configuration. As 

mentioned above, a node configuration is a closed one if each node in the configuration is 
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adjacent to at least one other node in the configuration. One of ordinary skill will 
appreciate that the process 3600 can identify each MCT for the selected configuration 
directly based on the sets of paths (e.g., the 42 paths illustrated in Figure 12) that exist 
between the nodes of the selected closed node configuration. Each MCT is a unique 
combination of N-l of such paths that connect all N nodes of the closed node 
configuration through the shortest route. Such MCT's can be identified through a 
recursive operation that explores all shortest paths between nodes of the closed 
configuration; in some embodiments, such a recursive operation would be similar to the 
one explained above by reference to Figures 25A and 25B, except that it specifies each 
MCT directly based on the interconnecting paths. 

At 3615, the process also computes the cost of each MCT identifies at 3615. In 
some embodiments, the process computes each MCT's cost by (1) assigning costs to the 
Manhattan and diagonal paths that connects the adjacent slots of the partitioning grid, 
(2) identifying the paths used by the MCT, and (3) summing up the path costs. A node 
configuration that has less than two nodes does not have a MCT, and accordingly its 
MCT cost is zero. 

After 3615, the process determines (at 3620) whether it has examined all the 
configurations. If not, the process returns to 3610 to select another one. Otherwise, the 
process ends. 
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2. Pre-tabulating Related Closed Node Configurations 

Figure 37 illustrates a process 3700 that, for an open node configuration, pre- 
tabulates certain related closed node configurations. This process initially identifies (at 
3705) candidate sets of connection nodes. Each candidate set does not include any of the 
5 nodes of the open node configuration. Also, the candidate sets include all possible node 
configurations that can be obtained without the nodes of the open node configuration. 

Next, the process selects (at 3710) a candidate set of connection nodes. The 
process then determines (at 3715) whether the combined configuration, resulting from the 
2 addition of the selected candidate set and the open node configuration, has one or more 
l! pre-tabulated MCT's. If not, the process transitions to 3745, which is described below. 

u 

m If the combined configuration has one or more pre-tabulated MCT's, the process 

Q then performs 3720-3740 to determine whether the combined node configuration results 

pi 

? in at least one MCT without antenna nodes. If all the MCT's have an antenna nodes, then 

pj the combined configuration obtained for the candidate connection node selected at 3710 

1 5 is not stored as a related closed configuration for the open node configuration. 

Specifically, at 3720, the process selects one of the MCT's of the combined 
configuration. It then identifies (at 3725) all nodes of this MCT that have a degree 1 {i.e., 
all nodes that have only one of the MCT's path incident upon them). Next, the process 
determines (at 3730) whether all the identified nodes are part of the open node 
20 configuration. If so, the process accepts the combined configuration obtained with the 
candidate set selected at 3710, and stores (at 3740) the combined configuration (obtained 
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by combining the candidate set selected at 3710 with the open node configuration) as a 
related closed node configuration for the open node configuration. From 3740, the 
process transitions to 3745, which will be described below. 

On the other hand, if the process determines (at 3730) that at least one of the node 
identified at 3725 is not part of the open node configuration, the process determines 
whether it has examined all the MCT's for the combined node configuration. If not, the 
process returns to 3720 to select another MCT. Otherwise, the process transitions to 
3745. At 3745, the process determines whether it has examined all the candidate set of 
connection nodes. If not, the process transitions back to 3710 to select and examine 
another candidate set. Otherwise, the process ends. 

3. Generating MCT's During Run-Time 

When the routes and closed node configurations are pre-tabulated according to 
processes 3600 and 3700, a router at run-time identifies one or more routes for a net 
according to the process 3800 of Figure 38. As shown in this figure, the process first 
identifies (at 3805) the net's configuration with respect to the partitioning grid. 

The router then determines (at 3810) whether the storage structure stores one or 
more MCT's for the identified configuration. If so, the process retrieves (at 3815) the 
stored MCT's for the configuration and stores them in the list of routes for the net. After 
3815, the process then ends. 
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On the other hand, if the process determines (at 3810) that the storage structure 
does not store any MCT's for the identified configuration, the process retrieves (at 3820) 
the related closed node configurations for the identified configuration. It then selects (at 
3825) one of the retrieved closed configurations. 

Next, the process retrieves (at 3830) the MCT's for the selected closed 
configuration. It then determines (at 3835) whether to store the retrieved MCT's for the 
identified node configuration. In some embodiments, the process makes this 
determination based purely on the wirelength cost of the MCT's. In other words, in these 
embodiments, the process stores the MCT's only if they are the shortest MCT's that the 
process has examined thus far for the identified node configuration. In other 
embodiments, however, the process decides whether to store the MCT's based on other 
factors such as the estimated congestion of the routing paths, the estimated number of 
vias, the number of MCT's selected thus far, etc. Also, in some embodiments, the process 
3700 sorts an open node configuration's closed node configurations in a particular order. 
For instance, the process 3700 might sort the closed configurations that produce the 
shorter MCT's first. In these embodiments, the process 3800 examines the closed node 
configurations according to the stored order, and once it identifies the R number of 
routes, the process 3800 terminates. 

If the process decides not to store the retrieved MCT's, the process transitions to 
3845, which is described below. However, if the process decides (at 3830) to store the 
retrieved MCT's, its stores these MCT's in a list of routes for the net configuration. The 
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process then determines (at 3840) whether it has examined all the related closed node 
configurations for the identified net configuration. If not, the process returns to 3820 to 
select another closed configuration; in some embodiments, the process might not return to 
3820 to select another closed configuration if it has already identifies a certain number of 
MCT's. When the process determines that it has examined all the related closed node 
configurations, the process ends. 

VI. RECURSIVE 4-BY-4 PARTITIONING ROUTER 
A. Software Architecture. 

Figure 39 illustrates the software architecture of a router 3900 of some 
embodiments of the invention. This router can operate with a variety of different wiring 
architectures. It can also operate with different partitioning, congestion, and path- 
defining grids. However, in the embodiments described below, the router is primarily 
described to work in conjunction with (1) the octagonal wiring model that is illustrated in 
Figure 3, (2) the partitioning grid that is illustrated in Figure 5, and (3) the congestion 
1 5 grids and their associated 42 paths that are illustrated in Figures 9-12. 

The software architecture of Figure 39 includes several software modules 3905 

and several data constructs 3910. The software modules include an initializer 3915, a slot 

manager 3925, a solver 3930, a propagator 3935, a saver 3940, a linear-programming 

("LP") solver 3945, an integer-linear-programming ("ILP") converter 3950, while the data 

20 constructs 3910 include LUT's 3965, circuit modules 3970, net list 3972, nets 3974, slots 

3976, slot-nets 3978, paths 3980, and pins 3982. 
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The router 3900 defines partitioning grids that recursively divide a design region 
(i.e., the IC layout or a region of the IC layout) jnto smaller and smaller sub-regions. In 
the embodiments described below, the router uses 3 evenly-spaced horizontal lines and 3 
evenly-spaced vertical lines to recursively divide the design regions into 16 identically- 
5 sized sub-regions (i.e., 16 identically-sized slots). Figure 40 illustrates a design region 
4005 that is recursively divided into sets of 16 sub-regions. Specifically, the design 
region is divided initially into 16 sub-regions, each of these sub-regions is further divided 
into 16 smaller sub-regions, and one of the smaller sub-regions 4010 is further sub- 
divided into 16 sub-regions. At each recursion level, the router simply adjusts the 
i|| coordinates of the partitioning grid to match the coordinates of the IC region at that 
% recursion level. In other embodiments, the router can use different shaped partitioning 

m 

grids for all or some recursion levels. 

m 

a 

g The router 3900 defines in a hierarchical, top-down manner the wiring path values 

r for each net in the design region. The router's initializer 3915 initially determines the 

m number of recursion levels, and the number of slots resulting from this number of 
recursion levels. The initializer also creates data structures for these slots. In addition, 
for each slot, the initializer creates a slot-net data structure for each net in the slot, and 
this slot-net data structure stores the net's configuration within that slot. For each slot, the 
initializer also identifies all the circuit modules that intersect this slot. 

20 In some embodiments, the initializer also defines the capacities of routing paths 

within each slot and stores these capacities in the slot's data structure. In the 



69 



Attorney Docket: SPLX.P0049 



embodiments described below, however, the slot manager defines these capacities as it 
directs the routing of each slot. 

For each slot that is partitioned into smaller child slots, the slot manager directs 
the solver 3930 to select a route for each net that has actual or virtual pins in the slot. The 
solver uses each net's configuration (1) to identify one or more optimal routes for each 
net, and at times (2) to generate fake configuration to identify one or more sub-optimal 
routes for each net. The solver identifies one or more routes for a particular configuration 
based on any one of the approaches described above in Section V. 

The solver then formulates an LP problem and feeds these solutions to the LP 
solver 3945, which, in turn, returns a number of real-number solutions. These real- 
number solutions are then converted into integer solutions by the ILP solver 3950. These 
integer solutions specify a particular route for each net, and the solver stores each net's 
route information in the net's slot-net data structure for the current slot. 

After the solver specifies the route for each net that has an actual or virtual pin in 
the current slot, the slot manager 3925 calls the propagator 3935 if the current slot is not a 
leaf slot. A leaf slot is a slot that has child slots, but its child slots do not have any child 
slots (i.e., its child slots are not partitioned). The child slots of a leaf-level slot are called 
Gcells. 

When called by the slot manager, the propagator determines how the routing paths 

specified by the solver for the current routing level propagate down into the child slots of 

the current slot. For slots that are after the top-level slot and before the leaf-level slot, the 

70 Attorney Docket: SPLX.P0049 



propagator also performs a follow-up propagation operation that propagates the routing 
paths specified by the propagator at the previous routing level one level further down. 

For each net in the current slot, the propagator has to determine the net's pin 
distribution within all child slots affected by the net's routing paths. The propagation 
process often entails adding virtual pins in the current slot's grandchild slots (i.e., the 
child slots of the current slot's child slots). In other words, the propagator might modify 
the net's configuration within the child slots of the current slot. 

Different embodiments of the invention use different propagators. Two different 
propagators are described below. The first propagator enumerates several propagation 
solutions for each net's route and then uses the LP solver 3945 and ILP converter 3950 to 
select a propagation solution for each net. The second propagator, on the other hand, is a 
sequential propagator that uses a greedy approach to select and embed a propagation for 
the route of each net in the current slot. In the embodiments described below, both these 
propagators use a sequential propagator to perform the follow-up propagation, when 
applicable. 

The identified propagations for each net's route specify a particular configuration 
for the net within each affected child slot, and the propagator stores the net's 
configuration in the net's slot-net data structure for the affected child slots. The 
embodiments described below specify each net's configuration by a string of 16 bits, 
where each bit corresponds to a child slot of a slot. 
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After the solver has specified the route for each net in a leaf slot, the slot manager 
calls the saver 3940 to link the path structures of each net's route to their respective net's 
main data structures. The saver also links to the main net data structures the path data 
structures of the propagation paths that the propagator specifies for a parent slot of a leaf- 
level slot (i.e., for a grandparent slot of a Gcell). These propagation paths include paths 
that the propagator identified (1) for the routing paths specified by the solver and (2) for 
the routing paths specified by the propagator at the previous routing level. 

In this manner, the path data structures linked to a net's main data structure 
collectively represent the final route for the net that the router specifies. In some 
embodiments, such a route is a global route for a net. Figures 49-83 further describe the 
software modules 3905. However, before describing these software modules, the data 
constructs 3910 will be described below by reference to Figures 41-48. 

B. Data Constructs. 

1. LUT's. 

The LUT's 3965 store information (such as routing paths, lengths, path-usage, 
etc.) about the routes that connect the sub-regions containing the circuit modules of the 
nets. Some of these routes have edges that are completely or partially diagonal. In the 
embodiments described below, the LUT's store the length, routing paths, and path-usage 
probability values of the routes for all possible net configurations. Several processes for 
selecting routes and pre-tabulating their length, routing paths, and path-usage 
probabilities were discussed above in Section V. One of ordinary skill will understand 
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that other embodiments also store other attributes of trees. In the embodiments that 
utilize the route-generating process 3800 of Figure 38, the LUT's store for each open 
node configuration one or more related closed node configurations. 

In some embodiments, the router 3900 can operate with different wiring 
5 architectures. In these embodiments, different LUT's can be used to store route attributes 
for the different wiring models. For instance, the LUT's can store routing information for 
(1) a first wiring model that uses Manhattan and ±45° diagonal lines, (2) a second wiring 
model that uses Manhattan and ±120° diagonal lines, (3) a third wiring model that only 
5 uses Manhattan lines, etc. Once the wiring model is selected, the routing information for 
m each net configuration can be retrieved from the LUT that is appropriate for the selected 

if*. 
~? 

g wiring model. 



In the embodiments where the router can operate with different wiring models, the 
router typically selects the wiring model at the beginning of the design process. For 
5 instances, in some embodiments, the process 400 selects the wiring model at 405 before it 
15 selects the partitioning grid. Also, some embodiments might switch from one wiring 
model to another for different portions of the design process or at lower levels of the 
design hierarchy. 

In the embodiments described below, the router uses the octagonal wiring model 
that is illustrated in Figure 3 throughout the routing process. The router uses a LUT that 
20 stores routing information (e.g., routes, lengths, path-usage values, trees for closed-sets of 
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slots, sets of nodes, etc.) for the congestion grids and their associated 42 paths that are 
illustrated in Figures 9-12. 



2. Net List, dbNet, Slot-Net, Pin, and Path Structures. 



Figure 41 illustrates the data structure for a net list 4100. This list includes one or 
5 more fields 4105, each of which refers (e.g., points) to a dbNet data structure 4110. Each 
net has a dbNet data structure, which serves as the main data structure for the net. 
Figure 42 illustrates the dbNet data structure. This data structure includes an index field 
4205 that contains a value that some of the software modules (e.g., the propagator) use to 
O identify the net. This data structure also includes a number of fields 4210 that refer (e.g., 

a 

f@ point) to pin data structures. 

m Figure 43 illustrates a simple pin data structure 4300 that includes a location field 

Q that specifies the pins location. In some embodiments, the pin's location is provided as a 

La 

O three-dimensional location that not only specifies its x and y location, but also specifies 

== 

its layer. Other embodiments, however, store the pin's layer as part of a pin macro. This 
15 pin macro can be stored as part of the circuit macro which is referenced by the slot-data 
structure as described below. 



The dbNet data structure also includes one or more fields 4220, each of which 
refers (e.g., points) to a path data structure 4400 such as the one illustrated in Figure 44. 
In some embodiments, the saver links the path data structures that specify the final 
20 lowest-level route paths for each net to the dbNet of their respective nets through 
reference field 4220. 
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The path data structure includes a field 4405 that specifies the path type as 
horizontal (H), vertical (V), a first diagonal direction (E), or a second diagonal direction 
(W). This structure also includes a field 4410 to store the path id, which is a number 
from 0 to 41 that identifies the data structure's path as one of the 42 paths defined in the 
two-grids. In addition, this data structure includes a field 4415 that refers (e.g., points) to 
the dbNet associated with the path. Finally, this data structure has two fields 4420 that 
refer to the data structures of the two slots that the path is incident upon. These two fields 
can be used during a verification process to ensure the continuity of the routes specified 
by the router 3900. 

For each slot, the router 3900 defines a slot-net data structure for each net that has 
an actual or virtual pin in the slot, and this slot-net data structure stores the net's 
configuration within that slot. Figure 45 illustrates this slot-net data structure. This 
structure includes a field 4505 that refers (e.g., points) to the dbNet of its net. It also 
includes a field 4510 that stores a bit string that specifies its net's pin distribution in the 
slot. As discussed further below, the initializer initially sets this field based on all the 
actual pins of the net within the slot. During the recursion process, the propagator might 
modify the bit string in this field 4510 to account for virtual pins. The slot-net data 
structure also includes a field 4515 that stores the 42-bit selected-route string. The solver 
sets this bit string after it selects a route for net in the slot. 
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3. Slot. 

The router 3900 recursively divides the design region into sets of 16 sub-regions 
or slots. Figure 46 presents a graph that conceptually illustrates the hierarchy of slots 
(i.e., sub-regions) defined by the router. This graph 4600 illustrates two levels 4610 and 
5 4615 of the recursion process. In this graph, each node represents an IC region at a 
particular stage within the recursion process. Also, in this graph, the root node represents 
the entire design region, while each non-root node represents a portion of the design 
region. 

□ In a slot-hierarchy, each node has either 0 child nodes or 16 child nodes. A node 

Q 

fti has 16 child nodes when the router partitions that node's region into 16 sub-regions. 

to? 

{jap* 

£ Conversely, a node does not have child nodes when its corresponding region is not 

m 

5 partitioned. 

L_L 

5 In some embodiments, the router 3900 defines a slot data structure to represent 

£ 

9 each node in a slot-hierarchy. Figure 47 presents one such data structure 4700 for a slot. 

RJ 

1 5 This data structure specifies the coordinates 4710 of the slot. It also includes a reference 
(e.g., a pointer) 4720 to a list 4740 of circuit modules in the slot. This list 4740 includes 
one or more references (e.g., one or more pointers) 4745 to one or more circuit modules 
4800 in the slot. 

The slot data structure 4700 also includes a reference to a list 4730 of slot-nets of 
20 the slot. The list includes references 4735 to slot-net data structures 4500. In the 
embodiments described below, the slot data structure does not have references to its child 

76 Attorney Docket: SPLX.P0049 



slots. Some of these embodiments order the slots in a pre-specified order on a list, and 
based on this order, these embodiments identify corresponding child and parent slots. 
The slot data structure 4700 also includes a field 4725 that specifies the slot's unique 
identifier. 

5 4. Circuit Modules. 

Figure 48 illustrates the data structure 4800 of a circuit module. This data 
structure stores the orientation (4805) and the position (4810) of the circuit module. It 
also includes a reference 4815 to the circuit macro 4820, which contains a description of 

Ms 

O the circuit module. For instance, the circuit macro refers to data structures 4825 for 

W obstacles within the circuit module. The obstacle data structures specify information 

10 

Q about the obstacles, such as the layer (4830) and shape (4835) of the obstacles. 

2 

P C. Initializer. 

% Figure 49 illustrates a process 4900 performed by the initializer at the start of the 

Hj routing operation. Before this process starts, the router typically has received a placed net 
1 5 list, technology definition (including number of layers, preferred wiring direction for each 

layer, routing pitch for each layer, etc.), and the number of tracks for the lowest level slots 

(i.e., for the Gcells). 

The process initially calculates (at 4905) the number of recursions from the track 
data for the lowest-level slots, pitch per track, and size of the design. To do this, the 
20 process initially multiplies the track data by pitch per track to obtain the dimensions of 
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the lowest level slots. It then repeatedly divides the design size by 4, while the resulting 
value is bigger than the computed dimensions. With each division, it increments a level 
counter by one. The process stops the division and the counting, once the resulting value 
would be smaller than the computed dimensions. 

5 Based on the number of levels, the process then computes (at 4910) the number of 

slots. At each level there are 16 children. Hence, the total number of slots is the sum of 
16**n, where n varies from 0 to level. At this stage, the process also creates a list of all 
slots. 

U 

□ Next, the process instantiates (at 4915) slot data structures for the slots at all the 
ft! recursion levels. The process then (at 4920) (1) for each net, identifies all the slots that 

ts_3 

% the net traverses, and (2) for each identified slot, instantiates a slot-net data structure to 
s store the net's configuration in that slot. 

o 

Li. 

□ Figure 50 illustrates a process 5000 that some embodiments use to perform 4920. 
O Specifically, this process is a recursive process that starts at the top-level slot and it is 
15 performed for each net. Each time this process is called it receives a slot and a net. As 

shown in Figure 50, this process 5000 initially computes (at 5005) the bounding box of 
the received slot. 

It then determines (at 5010) whether any pin of the received net is contained in the 
bounding box of the received slot. If not, the process ends. If so, the process creates (at 
20 5015) a slot-net record that contains the pin distribution of the net for the current slot. In 
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addition, the process recursively calls (at 5020) itself for the received net and each child- 
slot of the current slot. The process 5000 then ends. 

After the process 4900 instantiates slot-net data structures to store the net 
configurations in the slots, the process 4900 adds (at 4925) each circuit module to the 
5 table of modules for the slots that it intersects, and then ends. Figure 51 illustrates a 
process 5100 that some embodiments use to perform 4925. Specifically, this process is a 
recursive process that starts at the top-level slot and it is performed for each circuit 
module. Each time this process is called, it receives a slot and a circuit module. As 

£ shown in Figure 51, this process 5100 initially computes (at 5105) the bounding box of 

□ 

n 

the received slot. 

w 

^ The process 5100 then computes (at 5110) the bounding box of the received 

pi 

7 circuit module. It then determines (at 5 1 1 5) whether the two bounding boxes intersect. If 

O 

H not, the process ends. If so, the process adds (at 5120) the module to the list of circuit 

□ 

T modules incident to the current slot. In addition, the process recursively calls (at 5125) 

□ 

15 itself for the received module and each child-slot of the current slot. The process 5100 
then ends. 

D. Slot Manager. 

Figure 52 illustrates a process 5200 performed by the slot manager 3925 after the 

initializer 3915 completes its operation. Initially, the process 5200 sets (at 5205) the 

20 current level as the top-level slot. Next, the process defines the capacity of the routing 

paths within the slots of the current level. In some embodiments, the process receives, or 
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can retrieve from a storage structure, the routing path capacities for the first level, and 
thereafter computes the routing path capacities mathematically based on the known 
geometric relationship between the child slots and the parent slots. In other embodiments, 
the process in real-time calculates the routing path capacities for all the levels. However, 
some of these embodiments still compute the routing path capacities of some recursion 
levels from those of other levels. 

As mentioned above, some embodiments calculate the capacities of each path at a 
particular recursion level from the size of the edge orthogonal to the path. For instance, 
some embodiments calculate the capacity of each particular path by dividing the size of 
fjjj' the corresponding orthogonal edge (i.e., the size of the edge orthogonal to the particular 

S path) with the pitch of metal layer corresponding to the particular path. Some 

u 

ffl embodiments define the pitch of a metal layer as the line-to-via pitch. Some 

a 

P embodiments define the line-to-via pitch as the minimum required distance between 
interconnect lines on that metal layer, plus 1/2 the width of the line, plus 1/2 the width of 
the via including the metal overlap. 



— 

SEtS 



As mentioned above, in some embodiments, the capacities of the diagonal paths 
differ from the capacities of the Manhattan paths. This can be modeled by the virtue of 
the differing size of the edges that are orthogonal to the diagonal and Manhattan paths. It 
can also be modeled by having the pitch dependent on the type of interconnect line (e.g., 
20 having the pitch for diagonal lines differ from the pitch for the Manhattan lines). It can 
further be modeled by having the pitch dependent on the layer. For instance, in some 
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embodiments, the pitch of the -45° metal layer differs from the pitch of the 45° metal 
layer. 

At 5215, the process sets the current slot as the first slot at the current level. As 
further described below, the process 5200 examines the slots at the current level in 
sequence. However, one of ordinary skill will realize that other embodiments might 
examine the slots in another order. For example, some embodiments might examine the 
most congested slots first. 

It then directs (at 5220) the solver to select routes for all nets in the current slot at 
2 the current level. Once the solver selects the routing paths and stores these paths in the 
T$ slot-net data structure field 4515, the slot manager determines whether the current level is 
U the last recursion level. 



OD 



If not, the process directs (at 5230) the propagator to define the propagation of the 
selected routes into the child slots of the next lower recursion level (i.e., into the child 

9 slots of the child slots of the current slot). For slots that are after the top-level slot, the 

Rj 

15 propagator also performs a follow-up propagation operation that propagates the paths 
specified by the propagator at the previous routing level one level further down. In 
defining the propagation into the next lower recursion level, the propagator might modify 
the net's configuration in the current child slots by adding virtual pins in the child slots of 
the current child slots. 

I 

20 If the process determines that the current slot is at the last recursion level (/'. e. , the 

current slot is a leaf slot), it directs (at 5235) the saver to link the path structures of each 
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net's route in the current leaf slot to their respective net's main data structures. As 
mentioned above, the saver also links to the main net data structures the path data 
structures of the propagation paths that the propagator specifies for a parent slot of a leaf- 
level slot (i.e., for a grandparent slot of a Gcell). These propagation paths include paths 
that the propagator identified (1) for the routing paths specified by the solver and (2) for 
the routing paths specified by the propagator at the previous routing level. In this 
manner, the path data structures linked to a net's main data structure collectively represent 
the final route for the net that the router specifies. In some embodiments, such a route is a 
global route for a net. 

From 5230 and 5235, the process transitions to 5240, where it determines whether 
it has examined the last slot at the current level. If not, the process selects (at 5245) 
another slot at the current level and returns to 5220 to call the solver for this slot. 
Otherwise, the process determines (at 5250) whether it is at the last recursion level. If 
not, the process selects the next recursion level, and returns to 5210 to specify more 
detailed routes for the nets at the next lower recursion level. When the process determines 
(at 5250) that it is at the last recursion level, it ends. 

E. Solver. 

As discussed above, the solver 3930 is responsible for (1) enumerating one or 
more routes for each net, (2) directing an LP/ILP solver to select a route for each net, and 
(3) saving the selected results in the slot-net data structures of the current slot. Figure 53 
illustrates a process 5300 performed by the solver. In some embodiments, this process 

82 Attorney Docket: SPLX.P0049 



starts when the slot manager calls the solver and supplies it with a slot to route. 

The process 5300 initially predicts (at 5305) congestion of resources for each path 
in the slot. One manner for predicting the congestion of the paths will be described 
below by reference to Figures 54 and 55. The process next identifies (at 5310) one or 
more routes for each net in the supplied slot. One manner for identifying routes for the 
nets in the current slot will be described below by reference to Figures 57-60. 

After identifying one or more routes for each net in the current slot (i.e., for each 
net that has a slot-net structure linked to the current slot's data structure), the process 5300 
assigns (at 5315) a wirelength cost to each retrieved tree by factoring propagation into the 
ft! next lower recursion level. In some embodiments, the process uses a greedy technique to 
account for this propagation. One manner for assigning costs for each retrieved tree will 
be described below by reference to Figures 64. 



□ 
□ 



Once the solver assigns wirelength costs to the enumerated potential routes, the 
5 solver formulates (at 5320) the problem for the LP solver 3945, and the LP solver solves 
15 (at 5325) the LP problem. One manner for formulating and solving the LP problem will 
be described below in subsection VI.E.4. 

After 5325, the process 5300 converts (at 5330) the LP solution to an integer LP 
("ILP") solution. Some embodiments use randomized rounding to perform this 
conversion. Randomized rounding is a known technique, and numerous examples of this 
20 technique can be found in the literature, e.g., one such reference is disclosed in 
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Randomized Algorithm, by Rajeev Motwani and Prabhakar Raghavan, Cambridge 
University Press (1995, 1997). 

One example of a randomized rounding process is as follows. First, the process 
maps the scores returned by the LP solver to probabilities between 0 and 1. For instance, 
when the LP solver returns real solutions between 0 and 1, a one-to-one mapping exists 
between the returned solutions and probabilities between 0 and 1. Second, the rounding 
process generates a random numbers between 0 and 1 for each net. Third, the rounding 
process selects the net's solution that is mapped to the generated random number for the 
net. Fourth, the rounding process measures the quality of the set of selected routes for the 
nets based on certain objective function or functions (such as those used by the LP 
solver). Fifth, the rounding process iteratively repeats the second to fourth operations 
until the solution space has been sufficiently explored. Sixth, the process selects the set 
of routes that resulted in the best quality score. 

Based on the set of routes selected at 5330, the process stores (at 5335) a 42-bit 
selected route string in each slot-net data structure of the current slot. This 42-bit string 
specifies the paths in the current slot that the selected route of the net takes. The process 
then ends. 

1 . Predicting Remaining Path Capacities. 

As mentioned above, the process 5300 predicts (at 5305) the congestion of path 
resources in the current slot. In some embodiments, the process specifies the path 
congestions by estimating the remaining capacity of each path in the slot. For instance, in 

84 Attorney Docket: SPLX.P0049 



some embodiments, the process computes path capacities by initially (1) estimating the 
unblocked capacity of each path, (2) estimating the use of each path, and (3) subtracting 
each path's use estimate from its unblocked-capacity estimate. One manner for estimating 
the unblocked path capacities will be described below by reference to Figure 54, while 
one manner for estimating the path use will be described below by reference to 
Figure 55. 

a. Estimating Unblocked Capacity of Each Path. 

Figure 54 illustrates a process 5400 for estimating the unblocked capacity of each 
path in the current slot. Initially, this process allocates (at 5402) a data structure with 42- 
fields of floating point numbers. Each field is for storing the unblocked capacity of one 
of the 42 paths. At 5402, the process also initializes each of path's field in the data 
structure to the default capacity value for the path. 

At 5404, the process selects a circuit module in the current slot's list of circuit 
module. The process then retrieves (at 5406) the circuit macro for the selected circuit 
module. It then selects (at 5408) an obstacle on the circuit macro, and computes (at 5410) 
the bounding box of the selected obstacle by using the location of the circuit module. 

Next, the process (at 5412) selects one of the 42 paths of the current slot. It then 

determines (at 5414) whether path selected at 5412 is on the same layer as of the obstacle 

selected at 5408. If the selected path's layer matches the selected obstacle's layer, the 

process calculates (at 5422) the bounding box of the selected path. Different 

embodiments define bounding boxes for paths differently. For instance, some 
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embodiments define the bounding boxes for both Manhattan and non-Manhattan paths as 
rectangular halos about the paths. Under such an approach, the rectangular halo about a 
diagonal path is positioned diagonally with respect to the x-y coordinate axis. Other 
embodiments might define the bounding box of a diagonal path differently. For instance, 
some embodiments might define such a bounding box in terms of four rectangular halos 
(four bounding boxes) that encompass the four Manhattan edges about the diagonal path 
(e.g., the bounding box of diagonal path 26 would include four boxes that encompass 
edges El, E4,E13, and E14). 

The process then calculates (at 5424) the area of the bounding box of the path. 
The process next identifies (at 5426) the intersection of the selected path's bounding box 
and the selected circuit module's bounding box, and calculates (at 5428) the area of this 
intersection. 

It then computes (at 5430) an obstruction factor by dividing the calculated 
intersection area by the calculated path area. The process next multiplies (at 5432) the 
obstruction factor by the default path capacity to produce an estimate of the number of 
tracks of the path obstructed by the obstacle. The process then subtracts (at 5434) the 
result of this multiplication from the path's current unblocked capacity, which is stored 
for the path in the 42-field data structure. The process next transitions to 5416, which is 
described below. 

The process also transitions to 5416 from 5414 when the selected path's layer is 
not the same as the selected obstacle's layer. At 5416, the process determines whether it 
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has examined all the paths in the current slot. If not, the process returns to 5412 to select 
another path of the current slot. 

However, if the selected path is the last path of the current slot, the process 
determines (at 5418) whether it has examined all the obstacles of the circuit module 
selected at 5404. If not, the process transitions to 5408 to select another obstacle of the 
selected circuit module. Otherwise, the process determines (at 5420) whether it has 
examined all the circuit modules in the current slot. If not, the process transitions to 5404 
to select another circuit module in the current slot. 

The process 5400 ends when it has examined all the circuit modules in the current 
slot. At this stage, the 42-field data structure specifies the unblocked capacities of the 42 
paths in the current slot. Specifically, at this stage, each of the 42 fields specifies the 
unblocked capacity of one of the 42 paths. 

b. Path Use Estimation. 

Figure 55 illustrates a process 5500 for estimating the use of each path in a slot. 

This process is a recursive process that computes the usage of each path in the current slot 

in terms of three usage components. One path-usage component represents path usage 

due to routes between current slot's child slots. Another component represents path 

congestion due to routes in the current slot's child slots. The third component accounts 

for the effect of vias on path congestion. One of ordinary skill will understand that other 

embodiments compute path usage differently. For instance, for each net that is in only 

one child slot of a leaf slot, some embodiments also include a token path-usage value for 
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each path incident on the child slot that contains the net. 

The process 5500 starts each time it receives a current slot. As shown in 
Figure 55, the process 5500 initially determines (at 5502) whether the current slot is a 
leaf slot. If so, the process transitions to 5512, which will be described below. If not, the 
5 process performs 5504 to 5510 to compute the usage values due to the routes in the 
current slot's child slots. Specifically, at 5504, the process selects one of the child slots of 
the current slot. The process then estimates (at 5506) the use of each path of each child 
slot of the current slot. In some embodiments, the process does this by recursively calling 
itself for each of the child slots. 

□ 

Iff The process next determines (at 5508) whether the child slot selected at 5504 is 

P the last child slot. If not, the process selects (at 5504) another child slot and estimates (at 
f 5506) the path-usage in the newly-selected child slot. Otherwise, the process transitions 
P to 5510 to calculate the path-usage component due to the congestion in the current slot's 

"P child slots. 

□ 

fU 

15 In some embodiments, the process stores the path-usage values calculated at 5510 

in a data structure (e.g., an array) with 42-fields for storing the usage values for the 42 
paths in the current slot. The process receives this data structure with the current slot in 
some embodiments, while in other embodiments, the process 5500 does not receive such 
a data structure but rather initializes the data structure when it starts. 

20 At 55 1 0, the process calculates path-usage component due to the congestion in the 

child slots. For instance, the process can define a component usage value for path 1 
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between child slots 1 and 2 in terms of the congestion within child slots 1 and 2 via a 
formula such as 

path_l_use= [(0.75) + (0.25) * (l/(Number of recursion levels - Current Level))] 
*(l/2)*(l/2*(path[l][2] + path[l][5] + path[l][8] + path[l][ll]) + 
l/3*(path[l][l] + path[l][4] + path[l][7] + path[l][10]) + l/6*(path[l][0] 
+ path[l][3] + path[l][6] + path[l][9]) + l/2*{path[2][0] + path[2][3] + 
path[2][6] + path[2][9]) + l/3*(path[2][l] + path[2][4] + path[2][7] + 
path[2][10]) + l/6*(path[2][2] + path[2][5] + path[2][8] + path[2][l 1])), 

where path[i]D] refers to the usage of path j of child slot i. Similar equations can be used 
to define analogously the component usage values for the other 41 paths in the current 
slot. 

The above equation only examines in the child slots the horizontal paths line that 
are in line with path 1. Specifically, it examines the path l's component usage value in 
terms of all the horizontal paths (i.e., paths 0-11) of child slots 1 and 2. The summation 
of the usage values in both child slots 1 and 2 is multiplied by 1/2 to reflect that the 
capacity of path 1 in the current slot is equally influenced by the capacities of the paths in 
child slots 1 and 2. 

The multipliers 1/2's, 1/3's and 1/6's are used in the summation for both child slots 

1 and 2 for the following reasons. The objective is to guess how many wires can be 

pushed through a path. Some of these wires will terminate immediately after crossing the 

path, while some will cross the entire width of the slot incident to the path. It is assumed 
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that there will be a uniform distribution of "endpoints" of the wires using the path, such 
that for propagate 0 of path 1 1/4 will terminate in slot 0 of child slot 2, 1/4 will terminate 
in slot 1 of child slot 2, 1/4 in slot 2 of child slot 2 and 1/4 in slot 3 of child slot 2 and 
beyond. This means that 3/4 of the wires that use the path 1 will also use path 0 of child 
5 slot 2, 2/4 will use path 1 in child slot 2, and 1/4 will use path 3 in child slot 2- which 
gives a ratio of 3:2:1 (or 3/6, 2/6, 1/6) of relative impact of the usages of these 3 paths on 
the estimated use of the propagated path. 

Also, the summation of usage values in child slots 1 and 2 is multiplied by [(0.75) 
M + (0.25) * (1 /(Number of recursion levels - Current Level))]. This multiplication is based 

ll on an assumption that most nets routes' include a single path connecting two real pins. If 

W 

U a uniform distribution of pins is assumed in the grandchild slots, then 3/4 1 of the routes 

5 using a given path will see congestion from the nets wholly contained in each child slot, 

b As the router moves down the hierarchy, a greater percentage of the routes traverse entire 

Q grandchild slots, and hence more nets will see the entire congestion in the grandchild 

fi slots, which thereby justifies increasing the multiplier to 1 . 

ty 

From 5502 or 5510, the process transitions to 5512. The process performs 
operations 5512 to 5528 to compute the component usage values due to the routes 
between the current slot's child slots. The process computes these component values in 
terms of the probabilistic- Steiner-tree contributions described above. 

20 At 5512, the process selects a net. The process then retrieves (at 5514) the 

selected net's pin configuration in the current slot. It next identifies (at 5516) the 
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probabilistic Steiner-tree values for the retrieved pin configuration. As mentioned above, 
Figure 28 illustrates the probabilistic Steiner-tree values for the pin configuration of net 
505 illustrated in Figure 5. Some embodiments precompute the probabilistic Steiner-tree 
values, as described above by reference to Figure 26. Other embodiments, however, 
generate these values during the path-use estimation process 5500. 

The process then adds (at 5520) each path's probability values to the path's usage 
value in the 42-field data structure. Next, the process performs 5522-5530 to compute the 
token usage value to account for the effect of vias for the net on the path congestion. 
When a net has one or more pins in the child slots of the current slot, these pins are 
typically on the lower metal layers. Accordingly, vias will need to be added to connect 
some of these pins to the specified paths for the net. The addition of each via, in turn, 
will increase the path congestion. 

At 5522, the process selects a child slot that contains one of the pins of the net 
selected at 5512. This net has one or more routes, with each route using one or more 
paths. Hence, at 5524, the process selects one of the route paths incident on the child slot 
selected at 5522. It then increments (at 5526) the selected path's usage value by a token 
amount. In some embodiments, the token amount is 0.5/(Number of Recursion levels - 
Current Recursion Level). 

The process then determines (at 5528) whether it has examined all the paths (of all 
the trees of the selected net) that are incident on the selected child slot. If not, the process 
selects (at 5524) another path incident on the selected child slot and then increments (at 
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5526) the selected path's usage value by the token amount. 

On the other hand, if the process determines (at 5528) that it has examined the last 
path incident on the selected child slot, the process determines (at 5530) whether it has 
examined the last child slot with a pin for the selected net. If not, the process returns to 
5522 to select another child slot that has a pin for the selected net. Otherwise, the process 
determines (at 5532) whether it has examined the last net in the current slot. If not, the 
process transitions back to 5512 to select another net and to perform the subsequent 
operations for this net. The process ends when it determines that it has examined the last 
net at 5532. 

2. Identifying Routes for Each Net in the Current Slot 

After estimating (at 5305) the remaining capacity of each path in the current slot, 
the process identifies (at 5310) one or more routes for each net in the current slot. The 
embodiments described below initially use each net's configuration with respect to the 
current slot to identify one or more routes for each net. 

These embodiments then generate fake configurations for some or all nets, and 

identify additional routes for the nets based on the generated fake configurations. Some 

embodiments use two different approaches to generate fake configurations for a net. One 

approach adds fake pins to a net's configuration. This approach is described below by 

reference to Figures 56-58. The second approach breaks a net's configuration into two or 

more configurations and adds fake pins to the new configurations. This approach is 

described below by reference to Figures 60 and 59. 
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a. Identifying Routes for Each Net Configuration and Generating 
Detour Possibilities By Adding Fake Pins to the Net 
Configurations. 

Figure 56 illustrates a process 5600 for identifying routes for each net 
configuration and generating detour possibilities by adding fake pins to the net 
configurations. As shown in this figure, the process 5600 initially selects (at 5602) a net 
in the current slot. At 5604, the process (1) uses the net's configuration in the current slot 
to identify routes for the selected net, and (2) stores the identified routes for the selected 
net in a variable in the solver. The process 5600 identifies trees for the particular net 
configurations based on one of the approaches described above in Section V. 

After identifying and storing the routes based on the selected net's configuration, 
the process performs some or all of the operations 5606 to 5668 to determine whether it 
needs to generate detour routes for the selected net, and if so, to generate these detour 
routes by adding one or two fake pins. 

The process 5600 generates detour routes for a selected net where all the optimal 
routes identified for the net at 5604 use one or more paths that are "at risk". A path is "at 
risk" if the estimated congestion (path-use plus blockages) is near or over the path's 
capacity. Some embodiments determine whether a path is "at risk" by determining 
whether the path's remaining capacity (which was computed at 5305) is less than a 
threshold amount. Sub-optimal routes can be generated for a varying number of nets by 
varying the threshold at which a path is defined to be "at risk." 
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Figures 57 and 58 provide illustrative examples of how sub-optimal detour routes 
are generated by adding one or two fake pin configurations. Specifically, Figure 57 
illustrates a sub-optimal route 5725 for a net that has two pins 5710 and 5715 in child 
slots 8 and 1 1. This sub-optimal route is generated by adding a fake pin 5705. This sub- 
5 optimal route 5725 avoids horizontal path P7 (between child slots 9 and 10), which is 
congested due to obstacle 5720. Adding virtual pin 5705 to the pin distribution of the net 
results in a new pin configuration. The optimal route for this new pin configuration 
provides a sub-optimal route for the original net having pins 5710 and 5715. This sub- 
optimal route does not use "at risk" path 7. 

Jssfe 

o 

ft} Figure 58 illustrates an example where two fake pins 5805 and 5810 have been 

• ^ 

m added to a net that has pins 5815 and 5820. These two fake pins generate a sub-optimal 

u 

00 route 5830 that avoids paths 7 and 33 that are blocked and congested by obstacle 5825. 
** The process 5600 of Figure 56 generates detour routes by (1) adding one and then 

r~i 
~~ 

£ two fake pins to the net configurations, and (2) identifying the best optimal routes for the 
15 resulting pin configurations. Even though this process at most adds two fake pins to a 
net's configuration, one of ordinary skill will realize that other embodiments add more 
fake pins to the net configurations in order to identify useful detour routes for some or all 
the nets. 

At 5606, the process selects one of the routes identified at 5604. It then identifies 
20 (at 5608) one of the paths of the route selected at 5606. At 5610, the process determines 
whether the remaining capacity of the path selected at 5608 is less than the threshold 
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capacity value. The remaining capacity of the path was computed at 5305. 

If the process determines (at 5610) that the path's remaining capacity is less than 
its threshold capacity value, the process flags (at 5612) the route selected at 5606 as 
unusable, and then transitions to 5616, which will be described below. If not, the process 
5 determines (at 5614) whether it has examined all the paths of the selected route. If it has 
not examined all the paths, it transitions back to 5608 to select another path of the 
selected route. Otherwise, the process transitions to 5616. 

At 5616, the process determines whether it has examined all the routes identified 
S at 5604. If not, the process transitions back to 5606 to select another of the identified 
yj routes for the selected net. Otherwise, the process determines (at 5618) whether it 

m 

M marked all the identified routes for the selected net as unusable. If not, the net has one or 
s more routes that do not use any "at risk" paths, and hence the process does not generate 
£ fake configurations for this net. The process then determines (at 5620) whether it has 
□ examined all the nets in the current slot. If it has examined all the nets, the process ends. 
15 Otherwise, the process transitions from 5620 to 5602 to select another net in the current 
slot. 

If the process determines (at 5618) that all the identified routes for the selected net 
are unusable, the process selects (at 5622) a child slot of the current slot. For the selected 
net, the process then generates (at 5624) a fake pin configuration that indicates the net has 
20 a pin in the child slot selected at 5622. In some embodiments, the process generates this 
fake pin configuration by duplicating the selected net's actual pin configuration in the 
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current slot, and ensuring that the duplicated pin configuration indicates a pin for the 
child slot selected at 5622. In the example illustrated in Figure 57, the process generates 
a fake configuration 0000100101000000 by adding a "P for the 6 th child slot to the 
original configuration 0000100100000000. 

5 The process then identifies (at 5626) routes for the fake pin configuration 

generated at 5624. The process can identify these routes for the pin configuration by 
using any one of the methods discussed above in Section V. Next, the process selects (at 
5628) one of the routes identified at 5626. The process then determines (at 5630) 

H- whether the selected route is usable. The process makes this determination by performing 

y 

lB usability-checking operations similar to 5608-5616, which were described above. If 

£ process determines (at 5630) that the route selected at 5628 is not usable, the process 

jrj transitions to 5634, which will be described below. If the selected route is usable, the 

5 

O process records (at 5632) for the generated fake configuration the selected route's cost, 

La 

5 and then transitions to 5634. 

u 

At 5634, the process determines whether it has examined all the routes identified 
at 5626 for the generated fake configuration. If not, the process transitions back to 5628 
to select another identified route. Otherwise, the process determines (at 5636) whether it 
has generated a fake pin configuration for all the child slots of the current slot. If not, the 
process returns to 5622 to select another child slot. 

20 Otherwise, the process identifies (at 5638) the fake pin configuration, if any, that 

resulted in the useable route with the best cost recorded at 5632. If a configuration is 
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identified at 5638, the process then identifies (at 5640) all the useable routes for the pin 
configuration identified at 5638, and adds these routes to the set of possible routing 
solutions for the current net. 

Next, the process performs 5642-5668 to generate routes for fake configurations 
5 that contain up to 2 fake pins. Specifically, at 5642, the process selects a child slot of the 
current slot. The process duplicates (at 5644) the selected net's actual pin configuration 
in the current slot. It then ensures (at 5646) that the duplicated pin configuration 
indicates a pin for the child slot selected at 5642. In the example illustrated in Figure 58, 
M= the process generates an initial fake configuration 0000 100101 000000 by adding a *' 1 " for 
ffl the 6 th child slot to the original configuration 0000100100000000. 



m 

5 



At 5648, the process then selects a child slot other than the one selected at 5642. It 
then generates (at 5650) a fake pin configuration that indicates the net has a pin in the 
P child slot selected at 5648. In some embodiments, the process generates this fake pin 

o 

± configuration by duplicating the pin configuration identified at 5646, and ensuring that 

less 

& the duplicated pin configuration indicates a pin for the child slot selected at 5648. In the 
example illustrated in Figure 58, the process generates a final fake configuration 
0000100101 100000 by adding a "1" for the 5 th child slot to the initial fake configuration 
0000100101000000. 

The process then identifies (at 5652) routes for the fake pin configuration 
20 generated at 5650. As at 5604 and 5626, the process can identify these routes for the 
generated pin configuration by using any one of the methods discussed above in 
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Section V. 

Next, the process selects (at 5654) one of the routes identified at 5652. The 
process then determines (at 5656) whether the selected route is usable. The process 
makes this determination by performing usability-checking operations similar to 5608- 
5616, which were described above. If the route selected at 5654 is not usable, the process 
transitions to 5660, which will be described below. If it is usable, the process records (at 
5658) for the generated fake configuration the selected route's cost, and then transitions to 
5660. 

At 5660, the process determines whether it has examined all the routes identified 
at 5652 for the fake pin configuration generated at 5650. If not, the process transitions 
back to 5654 to select another identified route. Otherwise, the process determines (at 
5662) whether it has generated a fake pin configuration for all the child slots other than 
the child slot selected at 5642. If not, the process returns to 5648 to select another child 
slot other than the one selected at 5642. 

Otherwise, the process determines (at 5664) whether it has examined all the child 
slots as potential first fake pins. If not, the process returns to 5642 to select another child 
slot. When the process determines (at 5664) that it has examined all the child slots as 
potential first fake pins, the process identifies (at 5666) the fake pin configuration, if any, 
that resulted in the useable route with the best cost recorded at 5658. If a configuration 
was identified at 5666, the process then identifies (at 5668) all the useable routes for the 
pin configuration identified at 5666, and adds these routes to the set of possible routing 
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solutions for the current net. 

From 5668, the process transitions to 5620. At 5620, the process determines 
whether it has examined all the nets in the current slot. If it has examined all the nets, the 
process ends. Otherwise, the process transitions from 5620 to 5602 to select another net 
in the current slot. 

b. Breaking Net Configurations into Smaller Pin Configurations and 
Adding Fake Pins to the Smaller Pin Configurations 

In some instance, simply adding fake pins to a net configuration does not result in 
the best sub-optimal route. Such a route can sometimes be generated by (1) generating 
two or more pin configurations from a net's pin configuration, (2) identifying fake 
configurations for the generated pin configurations, (3) identifying routes for the 
configurations, and (4) combining the resulting routes to find one or more sub-optimal 
routes. Such an approach is especially useful in situations where the congested path is 
between 2 adjacent "real" pins. 

Figure 59 illustrates an example of such an approach. In this example, a net has 
two pins 5905 and 5910. If a fake pin 5915 is added to the original net configuration, the 
route for the resulting net configuration would use paths P6 and P21. However, such a 
route would not be useable since obstacle 5920 completely obstructs path P6. A more 
ideal route that uses paths 21 and 36 can be obtained by (1) splitting the pin configuration 
into two, one that contains pin 5905 and one that contains pin 5910, and (2) adding the 
fake pins 5915 to both of the resulting pin configurations. 
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Figure 60 illustrates a process 6000 that identifies additional routes for a net 
configuration. This process generates two pin configurations from the net's pin 
configuration, identifies fake configurations for both the generated pin configurations, 
identifies routes for the fake configurations, and combines the resulting routes. Some 
embodiments perform this process for each net in the current slot, while other 
embodiments only perform this process for some of the nets, such as those for which the 
process 5600 was not able to find useable routes. 

As shown in Figure 60, the process 6000 starts by identifying (at 6002) one or 
more routes for a net in the current slot. The process can identify these routes based on 
the net's pin configuration by using any one of the methods discussed above in Section V. 
The process then identifies (at 6004) the child slot that has the most number of paths of 
the identified routes incident upon it. The process then defines (at 6006) two bitsets, 
bsetl and bset2. In some embodiments, each bitset has 16-bits, all of which are initially 
defined to be zero. 

Next, at 6008, the process sets to 1 the first bitset's bit corresponding to the child 
slot identified at 6004. At 6008, the process also sets to 1 the second bitset's bit or bits 
that correspond to the remaining child slots that contain pins of the current net. At 6010, 
the process initializes two variables, which are the Best_Length variable used to measure 
the best length of a number of solutions, and the Best_Detour variable used to identify the 
solution that resulted in the best length. The Best_Length variable is initialized to a large 
value, while the Best_Detour variable is initialized to null. 
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At 6012, the process selects one of the current slot's child slots. It then determines 
(at 6014) whether the current net's pin configuration has the selected child slot's 
corresponding bit set to 1 (i.e., whether the current net has a pin in the selected child slot). 
If so, the process determines (at 6016) whether it has tried to generate fake 
configurations for each child slot of the current slot. If it has not examined all the child 
slots of the current slot, the process returns to 6012 to select another child slot. If it has, 
the process transitions to 6040, which will be described below. 

If the process determines (at 6014) that the bit corresponding to the selected child 
slot is not set to 1 in the current net's pin configuration, the process generates (at 6018) 
two duplicated bitsets, bisetlc and bitset2c, from the two bitsets, bitsetl and bitset2. In 
each duplicate bitset, the process then sets (at 6020) to 1 the bit that corresponds to the 
selected child slot. 

Next, the process identifies (at 6022) one or more routes for each of the 
duplicated, modified bitsets. The process can identify these routes for the duplicated, 
modified bitsets by using any one of the methods discussed above in Section V. The 
process then selects (at 6024) one of the routes for the first duplicated, modified bitset 
(/.*, for bitset lc), and selects (at 6026) one of the routes for the second duplicated, 
modified bitset (i.e., for bitset2c). At 6028, the process then determines whether the two 
selected routes overlap {i.e., whether the two solutions share one or more routing paths 
between the child slots). If so, the process transitions to 6036, which will be described 
below. 
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If not, the process calculates (at 6030) the length of a route that would result by 
combining the two routes selected at 6024 and 6026. In some embodiments, the process 
calculates this length by summing the lengths of the two routes selected at 6024 and 
6026. At 6032, the process determines whether the length calculated at 6030 is less than 
the current Best_Length. If not, the process transitions to 6036, which will be described 
below. 

When the length calculated at 6030 is less than the current Best_Length, the two 
routes selected at 6024 and 6026 represent the best solution that the process 6000 has 
seen thus far. Accordingly, at 6034, the process defines the Best_Length equal to the 
length computed at 6030. At 6034, the process also generates a new route as the 
combination of the two routes selected at 6024 and 6026, and defines the Best_Detour as 
the generated new route. From 6034, the process transitions to 6036. 

At 6036, the process determines whether it has examined all the routes identified 
(at 6022) for the second duplicated, modified bitset (bitset2c) with the route that was 
selected at 6024 for the first duplicated, modified bitset (bitsetlc). If not, the process 
returns to 6026 to select another route for the second bitset2c. Otherwise, at 6038, the 
process determines whether it has examined all the routes identified (at 6022) for the first 
duplicated, modified bitset (bitsetlc). If not, the process returns to 6024 to select another 
route for the first bitsetlc to examine. 

When the process determines (at 6038) that it has examined all the identified 
routes for the first duplicated, modified bitset (bitsetlc), it determines (at 6016) whether it 
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has tried to generate fake configurations for each child slot of the current slot. If it has, 
the process (at 6040) adds the solution (if any) that the process identified as the 
Best_Detour to the current net's solution pool, and then ends. On the other hand, if the 
process has not generated fake configuration for each child slot, the process returns to 
6012 to select another child slot. 

3. Assigning Costs for the Potential Routes 

After identifying (at 5310) one or more routes for each net in the current slot, the 
process 5300 assigns (at 5315) a wirelength cost to each retrieved tree by factoring 
propagation into the next lower recursion level. In some embodiments, the cost of each 
route includes the following three component costs: (1) the wirelength cost of the route's 
path or paths that connect the child slots of the current slot, (2) the path propagation cost 
of the route's path or paths into the child slots, and (3) the cost in each child slot after 
selecting the path propagations. 

Figure 64 illustrates a process for calculating the cost of each route in terms of 
these three component costs. Before explaining this process, the conceptual framework 
used by this process is explained by reference to Figures 61-63. These figures illustrate 
how some embodiments model propagation of a higher-level route into lower level child 
slots. Specifically, Figure 61 illustrates that any horizontal or vertical path between the 
current slot's child slots can propagate down into the slots of the child slots along one of 
1 0 propagation paths. 
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Figures 62 and 63 illustrate two different ways for modeling the propagation of a 
45° diagonal path into the lower level child slots. The model that Figure 62 illustrates 
provides 7 propagation possibilities for a 45° diagonal path. On the other hand, the 
model illustrated in Figure 63 provides for 19 propagations for a 45° diagonal path 
5 between two diagonally-positioned child slots 6305 and 6310. This is because the model 
illustrated in Figure 63 only specifies the path propagations along the edges of child slots 
6305 and 63 10, which thereby allows a path propagation along an edge of one of the child 
slots to pair up with anyone of three path propagations along the corresponding edge of 

M. the other child slot. For instance, as shown in Figure 63, the propagation 6315 along 

f% 

lO edge 6320 can be paired up with anyone of the propagations 6325, 6330, and 6335 along 

UJ 

S edge 6340. Under this approach, a diagonal path between slots 6305 and 6310 can have 
gj 19 propagations, where (1) 9 of the propagations are defined by pairing up three path 
b propagations along edge 6320 with three path propagations along edge 6340, (2) 9 of the 
□ propagations are defined by pairing up three path propagations along edge 6345 with 
lS three path propagations along edge 6350, and (3) 1 of the propagation 6355 is defined 

between the top left hand corner of slot 6310 and the bottom right hand corner of slot 

6305. 

As shown in Figure 64, the process 6400 initially selects (at 6402) a net. It then 
selects (at 6404) one of the routes identified (at 5310) for the selected net. The process 
20 next initializes (at 6406) the selected-solution's Total_Cost to 0. It then needs to identify 
the path cost of the route selected at 6404. In some embodiments, one of the LUT's 3965 
stores pre-tabulated wirelength costs for each net configuration. In these embodiments, 
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the pre-tabulated wirelength cost of a selected tree can be retrieved from the LUT when 
the tree is added to the solution set of the net. Alternatively, the process 6400 can use the 
pin configuration that resulted in the identification of the selected tree for the current net 
to retrieve the tree's pre-tabulated wirelength cost from the LUT. 

In the embodiments described below, however, the process 6400 computes the 
path cost of the selected route by performing 6408-6412. Specifically, at 6408, the 
process selects a path of the selected route. It then increments (at 6410) the selected- 
solution's Total_Cost by the cost of the path selected at 6408. Some embodiments define 
a path's cost purely based on the relative length of the path compared to other paths. For 
instance, some embodiments assign a path-cost of 1 for each horizontal or vertical path 
between slots (e.g., for each path P0-P23 in Figure 12) and a path-cost of 1.4 for each 
diagonal path between slots (e.g., for each paths P024-P041). Other embodiments assign 
a path cost of 5 for each horizontal or vertical path between slots (e.g., for each path P0- 
P23 in Figure 12) and a path cost of 7 for each diagonal path between slots (e.g., for each 
paths P024-P041). 

Other embodiments might define the path-costs not purely based on the relative 
path lengths. To achieve a certain objective (e.g., encourage use of the lower-layer wiring 
or discourage use of vias), some embodiments might cost the paths that traverse the 
higher levels more expensive than their relative length cost compared to the lower-layer 
wiring. For example, some embodiments might assign a path-cost of 1 for each 
horizontal or vertical path between slots and a path-cost greater than 1 .4 for each diagonal 
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path between slots. 

At 6412, the process determines whether it has examined all the selected route's 
paths. If not, the process returns to 6408 to select another path for costing. When the 
process determines (at 6412) that it has examined all the selected route's paths, it 
determines (at 6414) whether the current slot is a leaf-level slot. If so, the process 
transitions to 6428, which will be described below. 

If the process determines that the current slot is not a leaf-level slot, the process 
accounts for the wirelength cost in the child slots. The process uses a greedy technique to 
factor the propagation of the selected route into the child slots. Specifically, the process 
orders (at 6416) each of the selected tree's paths by the number of anchors of that path. 
Some embodiments define an anchor as a pin in either child slot upon which the path is 
incident. In these embodiments, a path has at most two anchors. Other embodiments 
might define an anchor as the number of pins in the slots of a child slot; under such an 
approach, a path can have up to 32 anchors, when it has 16 pins in the 16 slots of each 
child slot. In some embodiments, the process sorts the paths in the order of descending 
number of anchors (i.e., places the paths with the most number of anchors first on its 
sorted list). 

Next, at 6418, the process selects a path according to the sorted order (i.e., selects 
the paths on the sorted list in a top-to-bottom manner). For the selected path, the process 
selects (at 6420) one of the propagation possibilities. In other words, at this stage, the 
process selects one of the ways that the selected path can propagate between the two slots 
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that it is incident upon. 

As mentioned above by reference to Figure 61, some embodiments use a 
propagation model that provides 10 potential propagations for a horizontal or vertical 
path between the current slot's child slots. Also, some embodiments use a propagation 
model that provides 7 potential propagations for a 45° path as shown in Figure 62, while 
other embodiments use a model that provides 19 potential propagations for a 45° path as 
shown in Figure 63. 

In some embodiments, the process selects (at 6420) the optimal propagation for 
the selected path. To select the optimal propagation, the process examines each 
propagation possibility, adds virtual pins when necessary, costs each propagation 
possibility, and chooses the propagation possibility that results in the lowest cost 
propagation and routes. As described below by reference to Figure 65, each propagation 
possibility might specify one or two propagation paths that traverse into two or three child 
slots. Accordingly, the cost of each propagation possibility includes the cost of the 
propagation path(s) plus the routing cost of the pin configurations in the two or three 
child slots that the propagation possibility traverses. 

Figure 65 illustrates one example of a propagation possibility of a path. This 
figure illustrates a net that has actual pins 6525 in slots 0 and 9. The selected route for 
this net uses paths PI 7 and P24 that traverse child slot 5 to connect child slots 0 and 9. 
Figure 65 illustrates that the path P24 is propagated along paths 6510 and 6515 into three 
child slots, (i.e., child slots 0, 1, and 5), while path PI 7 is propagated along path 6520 
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into two child slots 5 and 9. The propagation path 6510 is between the child slot 7 of the 
current slot's child slot 0 and the child slot 8 of the current slot's child slot 1. The 
propagation path 6515 is between the child slot 13 of the current slot's child slot 1 and the 
child slot 2 of the current slot's child slot 5. The propagation path 6520 is between the 
5 child slot 14 of the current slot's child slot 5 and the child slot 2 of the current slot's child 
slot 9. Figure 65 illustrates five virtual pins 6505 that have been added to the slots of 
child slots 1,5, and 9. 

At 6420, the process also (1) computes the delta cost between the cost of the 
i path(s) of the propagation possibility identified at 6420 and the cost of the path selected at 
l|| 6418, and then (2) increments the Total_Cost with this delta. For instance, in some 
yi embodiments, the delta cost is two when the selected path is a Manhattan path with a cost 
W of 5 and the identified propagation is a diagonal path with a cost of 7. Also, in some 
j~ embodiments, the delta cost is seven when the selected path is a diagonal path with a cost 
% of 7, and the identified propagation includes two diagonal paths, each with a cost of 7. In 
fill some embodiments, the delta cost is 0 when the selected path and its identified 
propagation are both Manhattan paths. 

For the propagation selected at 6420, the process, if necessary, temporarily stores 
(at 6422) virtual pins in the pin configuration records of the incident child slots {i.e., the 
child slots upon which the propagation identified at 6430 is incident). The process uses 
20 these temporarily stored virtual pins in computing the costs of the propagations of other 
paths (if any) of the selected route. 
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The process next determines (at 6424) whether it has examined the last path of the 
selected route. If not, the process returns to 6418 to select the next path on the sorted 
path list. It then identifies (at 6420) the best propagation for this newly-selected path and 
temporarily sets (at 6422) any necessary virtual pins. 

When the process determines (at 6424) that it has examined all the paths of the 
selected route, the process increments (at 6426) the selected tree's Totai_Cost with the 
cost of the routes in each child slot that has a pin set for the net. At 6426, the process also 
stores the selected route's Total_Cost. The solving process 5300 uses each tree's 
Totai_Cost to formulate its LP problem. 

At 6428, the process determines whether it has examined all the routes for the net 
selected at 6402. If not, the process transitions to 6404 to cost the next route for this net. 
When the process determines (at 6428) that it has examined all the routes for the net 
selected at 6402, the process determines (at 6430) whether it has examined all the nets in 
the current slot. If not, the process transitions back to 6402 to select another net in the 
current slot and to perform the subsequent operations for costing the routes for this net. 
When the process determines (at 6430) that it has examined all the nets in the current slot, 
the costing process 6400 ends. 

One of ordinary skill will realize that other embodiments compute the wirelength 
cost of a route differently than the process 6400. For instance, the process 6400 computes 
this cost by computing the wirelength cost at the current recursion level and the one 
below it. Other embodiments, on the other hand, might compute this cost by computing 
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the wirelength cost from the current recursion level all the way down to the leaf-level 
slots. To do this, some embodiments use a recursive process that computes the path-cost 
at the current recursion level and then recursively call the cost-computing process to 
compute the wirelength cost for each child slot that is not a Gcell (i.e., for each child slot 
that is not a child of a leaf-level slot). 

4. LP Problem Formulation and Solver 

After the solver assigns wirelength costs to the routes of the nets in the current 
slot, the solver formulates (at 5320) an LP problem for the LP solver 3945, which then 
solves (at 5325) this LP problem. The basic variables in the LP-problem formulation are 
the routes for the nets in the current slot. Each tree is represented in the following format: 
"xN_C", where M x M is a character constant, "N" is the net number, is a character 
constant, and "C" is a number that identifies the tree in the list of trees for the net. For 
instance, X26_14 represents the 14 th tree of net 26. 



In some embodiments, each LP solution examined by the LP solver includes a real 
15 number value for each tree variable xN_C. The task of the LP solver is to identify an LP 
solution that minimizes one or more objective functions while satisfying a number of 
constraints. Specifically, a solution is a viable LP solution only if it satisfies the 
constraint or constraints of the specified LP problem. The LP solver's task is to identify a 
viable LP solution (i.e., a solution that satisfies the specified constraints) that minimizes 
20 the objective function. In other words, from a set of solutions, the LP solver identifies the 
viable LP solution that produces the best objective-function value. 
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Some embodiments use as the LP solver 3945 the "SoPlex" solver, which has 
been implemented by Roland Wunderling as a part of a Ph.D. thesis entitled "Paralleler 
und Objektorientierter Simplex-Algorithmus" (in German). Information about this solver 
is available at the following website: httD://www.2ib.de/Optimization/Software/Soplex/ . 

a. Objective Function 

Different embodiments use different objective functions. For instance, some 
embodiments might use an objective function that (1) minimizes total length; 
(2) maximizes minimum slack across all 42 paths; (3) maximizes total slack; and 
(4) minimizes maximum usage of any individual path. The embodiments described 
below, however, try to find an LP solution that minimizes the following objective 
function: 

Objective Function = A * Total_WireLength + B * Total_Via_Number 

- C * Min_Slack. (F) 

In the equation (F), A, B, and C are weighting factors. Also, the Total_WireLength is: 

Total_WireLength = X (Length Cost of the Tree) * (Variable for the Tree), (G) 

Tree 

and the Total_Via_Number is: 

Total_Via_Number = I (Number of Vias for the Tree) * (Conversion Factor) * 

Tree 

(Variable for the Tree). (H) 
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The notion of minimum slack is used in two instances in the LP formulation. 
First, the variable Min_Slack is used as a component of the objective function for 
quantifying the congestion (i.e., serves as an indicia of the congestion in the objective 
function). Second, the constant minSlack is used to specify a minimum slack that can be 
tolerated across all 42 paths. 

A path's slack is the remaining capacity of a path after accounting for all 
congestion (i.e., blockages and wiretlow) for a particular solution. A negative slack 
signifies that a path is over congested. Minimizing the objective function minimizes the 
negative minimum slack, which, in turn, maximizes the minimum slack. One of ordinary 
skill will realize that other embodiments might use other congestion indicia in the 
objective function. 

In some embodiments, the weighting factors A and B for the Total_WireLength 
and Total_Via_Number are set equal to each other, and both these factors are larger than 
the weighting factor C for the Min_Slack. In other words, these embodiments weight the 
objective function towards the wirelength and the via count, so that the Min__Slack 
component makes a difference only when the wirelength and via count components 
cannot distinguish two LP solutions. These embodiments use the wirelength and via 
count components in the objective function to select solutions that result in smaller total 
wirelengths and via counts. 

Other embodiments weight the objective function differently. For instance, the 
LP-formulation listed below in subsection VI.EAc weights the objective function 
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towards the wirelength and the via count parameters only for the first attempt of the LP 
solver to solve the formulated LP problem. If the LP solver cannot solve the formulated 
problem in its first iteration (i.e., if it cannot find a solution that meets the constraints), 
the LP problem is reformulated so that the Min_Slack component becomes the primary 

5 component in the objective function. Specifically, for the first iteration of the LP solver, 
the formulation below sets the weighting factors A and B for the Total_WireLength and 
Total_Via_Number equal to each other, and both these factors have a larger magnitude 
than the weighting factor C for the Min_Slack. If the LP solver does not solve the LP 

u problem in its first iteration, the weighting factors A, B, and/or C are changed so that the 

5 objective function's primary parameter is Min_Slack. 

S As illustrated by equation (G) above, the Total_WireLength is computed by using 

the cost of each tree, which was computed at 5315. Also, as illustrated by equation (H) 
above, the Total_Via_Number is computed by using the number of vias for each tree. A 



2 



£ via is a connection that is needed to connect two parts of a route that are on two adjacent 



W metal layers. 

For the octagonal wiring model illustrated in Figure 3, a one to one mapping 
exists between layers and routing directions. This mapping can be used to easily compute 
the number of vias for each route. Hence, the number of vias can be counted by 
traversing the route, and identifying the number of vias necessary to accommodate (l) the 
20 changes in direction of the route and (2) the difference, if any, between the layers of pins 
and paths in the child slots. 
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To account for the layer difference between a pin in a child slot and path incident 
upon the child slot, the pin's layer needs to be identified. Different embodiments identify 
the layer of an actual pin (i.e., a non-virtual pin) in different ways. For instance, some 
embodiments assume that all actual pins are on layer 2. Other embodiments identify the 

5 actual layer of a pin; as mentioned above, some embodiments store a pin's layer as part of 
the pin's location that is stored in the pin data structure 4300, while other embodiments 
store the pin's layer as part of a pin macro that is stored with the circuit macro referenced 
by the slot-data structure. Some embodiments define the layer of a virtual pin (i.e., a pin 
that is set to account for a propagation of a route into a lower-level child slot) to coincide 

M with the layer of the propagated path for which the virtual pin was set. 



yj 
I 

M 1 



Figures 66 and 67 present two examples that conceptually illustrates one manner 
® of counting the number of vias. In these examples, the wiring model is as follows: layer 2 
2 is vertical, layer 3 is horizontal, layer 4 is +45°, and layer 5 is -45°. Figures 66 and 67 

! 

1 illustrate two routes for connecting child slots 0 and 9. In both these figures, child slot 0 
W includes a virtual pin 6605 that was set to account for the propagation of a +45° path into 
slot 6600. Accordingly, the virtual pin 6605 is said to be on the fourth metal layer (i.e., 
the metal layer for the +45° wiring). Also, child slot 9 includes an actual pin, which is on 
layer 2. 

Route 6610 of Figure 66 needs two vias. This number can be counted by starting 
20 at child slot 0. This slot has one virtual pin in the fourth layer. Path P24 is incident on 
this slot, and it traverses the fourth layer. Hence, no via is necessary to account for the 
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difference between the layers of pin 6605 and path P24. Path P24 is also incident on 
child slot 5. Child slot 5 has no pin, but it has path PI 7 incident upon it. As path P24 is 
on the fourth layer and path PI 7 is on the second layer, two vias are needed to account for 
the changes of path direction in child slot 5. Path PI 7 is also incident upon child slot 9. 
5 Slot 9 has no other paths incident upon it, but it has an actual pin 6615 on layer 2. Given 
that path PI 7 and pin 6615 are both on layer 2, no via is necessary to connect pin 6615 
and path PI 7. 

Route 6705 of Figure 67 needs six vias. This number can be counted by starting 
K at child slot 0. This slot has one virtual pin in the fourth layer. Path P12 is incident on 
li| this slot, and it traverses the second layer. Hence, two vias are necessary to account for 

y3 

^ the difference between the layers of pin 6605 and path P12. Path P12 is also incident on 
® child slot 4. Child slot 4 has no pin, but it has path P30 incident upon it. As path P30 is 

s 

P on the fourth layer and path 12 is on the second layer, two vias are needed to account for 

1 the changes of path direction in child slot 4. Path 30 is also incident upon child slot 9. 

O 

1^ Slot 9 has no other paths incident upon it, but it has an actual pin 6615 on layer 2. Hence, 
two vias are necessary to account for the difference between the layers of pin 6615 and 
path P30. In sum, six vias are necessary for route 6705. As it can be seen from the 
examples illustrated in Figures 66 and 67, the number of vias provides a useful indicia 
for distinguishing two routes that have equal lengths. 

20 Also, some embodiments compute the number of vias for each route during the 

LP formulation 5320. One such embodiment is illustrated by the LP formulation in 
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subsection VI.E.4.C. Other embodiments, however, count the number of vias for each 
route before 5320, just as they compute the wirelength cost of a route before 5320 at 
5315. Alternatively, some embodiments might compute the wirelength cost of each route 
during the LP formulation 5320. 

Figures 68-70 illustrate three processes that work together to compute the number 
of vias in a route. Process 6800 of Figure 68 starts whenever it is called to compute the 
via count for a tree. This process initially initializes (at 6805) all slots (of the slot 
currently being solved) as slots that have not been visited. 

At 6810, the process 6800 then selects a slot that has only one path of the route 
incident upon it, and defines this slot as the Current_Slot. It then calls (at 6815) process 
6900 of Figure 69 and supplies this process with the Current_Slot. The value returned by 
process 6900 is the total number of vias. After calling process 6900, the process 6800 
ends. 

The process 6900 is a recursive process. It initially computes (at 6905) the 
number of vias in the Current_Slot. In some embodiments, the process 6900 computes 
this number by calling the process 7000 of Figure 70. The process 7000 starts by 
identifying (at 7005) all the route's paths that are incident on the Current JSlot. It then 
identifies (at 7010) all the actual and virtual pins in the Current_Slot. 

The process 7000 next identifies (at 7015) the layer of each route path identified 

at 7005 and each pin identified at 7010. Each path's layer can be easily determined as 

there is a one-to-one mapping between the path's direction type and its layer, when the 
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octagonal wiring model of Figure 3 is used. For instance, some embodiments map 
vertical paths to layer 2, horizontal paths to layer 3, +45° paths to layer 4, and -45° paths 
to layer 5. Also, as described above, some embodiments assume that all actual pins are 
on layer 2, while other embodiments identify the actual layer of a pin that is stored. In 
addition, some embodiments define the layer of a virtual pin (i.e., a pin that is set to 
account for a propagation of a route into a lower-level child slot) to coincide with the 
layer of the propagated path for which the virtual pin was set. 

After identifying the layers of the pins and the paths, the process 7000 then 
determines (at 7020) the difference between the maximum and minimum layers identified 
at 7015. This difference represents an estimate of the minimum number of vias that the 
route needs in the Current_Slot. If the CurrentjSlot is partitioned into smaller slots, 
additional vias might be needed to define lower-level route(s) for the current route's net in 
and/or between the smaller slots. Some embodiments (1) might perform a statistical 
study to guess the number of vias needed to define routes in slots with certain number of 
pins and paths, and then (2) might use the results of this statistical study to obtain a better 
estimate of the number of vias needed in the Current_Slot. At 7025, the process 7000 
returns the number of vias in the slot, and then ends. 

Once the process 7000 returns the number of vias in the slot, the process 6900 
marks (at 6910) the CurrentjSlot as one that has been visited. It then selects (at 6915) 
one of the current route's paths that are incident on the Current_Slot. Next, at 6920, it 
identifies the other slot that the path selected at 6915 is incident upon. At 6925, the 
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process determines whether it has examined the slot identified at 6920 (i.e., determines 
whether this slot is marked visited). If not, the process 6900 recursively calls itself at 
6930. This recursive call specifies the slot identified at 6920 as the Current_Slot for the 
process that is recursively initiated at 6930. At 6930, the process 6900 increments the 
number of vias by the value that the recursively-called process returns. 

From 6930, the process 6900 transitions to 6935. This process also transitions to 
6935 when it determines (at 6925) that the other slot identified at 6920 was previously 
visited. At 6935, the process 6900 determines whether there are any other paths incident 
upon the Current_Slot. If so, the process 6900 returns to 6915 to select another incident 
path. If not, the process 6900 returns the computed number of vias. 

As indicated in equation (H) above, the objective function's TotalJ/ia_Number 
not only depends on the number of vias for each tree, but also on a conversion factor that 
scales the number of vias to reflect their importance relative to the wirelength. This 
conversion factor can be obtained by normalizing the wirelength and via costs to the 
number of tracks, as indicated in equation (I) below. 

X = 50* — . fl) 

N 

In this equation, X represents the conversion factor, 5 represents the cost of a Manhattan 
path, N represents the number of tracks per Manhattan path at the current recursion level, 
and 50 is a penalty cost associated with using a via. This penalty is measured in terms of 
the number of tracks that the router would prefer to detour rather than use a via. In some 
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embodiments, a designer can modify this penalty cost. Also, in some embodiments, each 
Manhattan path represents 8 tracks at the Gcell level (i.e., N equals 8 at the Gcell level). 
Also, conversion factor X is different for each hierarchical routing level since N is 
different for each level. 

b. Constraints 

Different embodiments define different constraints. The embodiments that use 
the LP formulation described below define the three constraints. First, for each net N, the 
LP solver must only choose 1 tree from the selection set for the net N. This is expressed 
as a constraint on the sum of the values of the tree variables for the net (i.e., the sum of 
these values must equal 1), as indicated in the equation below: 

netN: xN_A + xNJB + ... xN_Q = 1. 

The LP solver will assign a value between 0 and 1 to each route variable. A "1" indicates 
an unambiguous selection of the tree, and a "0" indicates an unambiguous rejection of the 
tree. A value between 0 and 1 means that the solver specified a set of selections that need 
to be resolved by the randomized rounding. Some embodiments might not express the 
need to select only one tree for each net as a constraint but rather as a relationship to 
generate candidate LP solutions for each net. 

The second constraints relates to the congestion of the paths in the current slot. In 
some embodiments, the minSlack has to be greater than a specified amount. As 
mentioned above, the minSlack is the smallest tolerable slack across all the paths. The 

1 1 9 Attorney Docket: SPLX.P0049 



slack in each path equals the capacity of the path minus wireflow and blockages across 
the path. For the first iteration of the LP solver, some embodiments specify that the 
minSlack has to be zero or greater. If the LP solver cannot solve the formulated problem 
in its first iteration, some embodiments reformulate the LP problem so that the minSlack 
is a large negative number, in order to remove the minimum slack as a constraint. 
However, in some embodiments, this reformulation makes the Min_Slack component of 
the objective function the primary component of this function, as described above. 

Third, the capacity of certain regions needs to be properly shared among the paths 
that can traverse these regions. For instance, given the models illustrated in Figures 61, 
62, and 63, diagonal and Manhattan paths must properly share the capacity of overlapping 
diagonal regions. This is because when the solver is part of a global router that produces 
global routing results, its global-routing output needs to be converted into boundary pin 
assignments that can be used by a detailed router. 

Figures 71 and 72 illustrate the need for this sharing constraint at the Gcell level. 
At the Gcell level, some embodiments define the capacity of the Manhattan paths 
crossing between the Gcells to be 8 tracks wide. Figure 71 shows 8 such tracks across 
edge El 1. Also, some embodiments assume that the pitch on the diagonal layers is the 
same as the pitch on the Manhattan layers and therefore assume that the capacity of a 
diagonal path is simply square root of two times the capacity of a Manhattan path. Under 
such assumptions, the capacity of a diagonal path that crosses the above-described Gcells 
is 1 1 tracks. Figure 71 illustrates the 1 1 -track-wide capacity of path P32. 
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Vertically or horizontally adjacent diagonal paths have overlapping routing 
regions. For instance, Figure 72 illustrates two vertically adjacent diagonal paths P32 
and P26 that share the capacity (i.e., the five diagonal tracks) of shared diagonal region 
7205. The five diagonal tracks of diagonal region 7205 are also shared with the 
Manhattan path P4 that crosses this region, because, according to the model of Figure 61, 
a Manhattan path can traverse between two slots not only in the Manhattan direction but 
also in the diagonal directions. 

To account for the shared capacity of the diagonal regions, the LP formulation 
below defines three sets of constraints, with each set having two constraints, one for +45° 
paths and one for -45° paths. These three set of constraints are: (1) diagonal pair 
constraints, (2) mixed triplet constraints, and (3) diagonal triplet constraints. In the 
discussion below, +45° paths are referred to as East paths, while -45° paths are referred to 
as West paths. 

Figure 73 illustrates the first type of constraint, i.e., the diagonal pair constraints. 
This figure illustrates eight constrained diagonal pairs that have been defined about paths 
P27 and P36. Two of these are 7305, which includes horizontally-adjacent east paths P36 
and P38, and 7310, which includes vertically-adjacent west paths P27 and P33. 

The diagonal pair constraints can be classified as interior or periphery constraints 
depending on whether one of the diagonal paths of the pair is on the periphery of the 
current slot. Specifically, both pairs 7305 and 7310 are interior diagonal pairs. An 
interior diagonal pair includes two diagonal paths that are horizontally or vertically 
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adjacent and that are either from the set of east paths P24, P26, P28, P30, P32, P34, P36, 
P38, and P40 or from the set of west paths P25, P27, P29, P31, P33, P35, P53, P39, and 
P41. Three other interior constrained diagonal pairs illustrated in Figure 73 are (1) pair 
7315, which includes paths P36 and P30, (2) pair 7320, which includes paths P27 and 
5 P25, and (3) pair 7325, which includes paths P27 and P29. 

Figure 73 also illustrates three constrained periphery diagonal pairs. A periphery 
diagonal pair includes two horizontally- or vertically-adjacent diagonal paths where 
(1) both are either east paths or west paths, and (2) one of the paths is one of the interior 
^ paths P24-P41 and the other path is on the periphery edge of the slot. The three 

2 

M constrained periphery diagonal pairs illustrated in Figure 73 are: (1) pair 7330, which 

5 includes paths P36 and 7335, (2) pair 7340, which includes paths P36 and 7345, and 

m (3) pair 7350, which includes paths P27 and 7355. 

s 

p 

\t The two paths in each constrained diagonal pair share several tracks (i.e., several 

S tracks represented by one path are the same as several tracks represented by the other 
15* path). Accordingly, some embodiments constrain the congestion about each constrained 
diagonal pair to account for this sharing. 

For instance, some embodiments constrain the congestion about an interior 
diagonal pairs to be 1 .5 times the capacity of either path in the pair, when the two paths in 
the pair share about half of the tracks. By way of example, when the two interior 
20 diagonal paths P36 and P38 are each 1 1 tracks wide and share 5 tracks with each other, 
some embodiments specify a constraint that the congestion about these paths must at 

1 22 Attorney Docket: SPLX.P0049 



m 
u 



=== 



most take 16 tracks (/>., specify that wireflow across P36 plus wireflow across P38 plus 
any blockages at most take 16 tracks). 

Some embodiments also constrain the congestion (i.e., the total wireflow and 
blockages) about a periphery diagonal pair to be 1.5 times the capacity of the interior 
diagonal path, when the two paths in the pair share about half of the tracks. For example, 
in some embodiments, the paths in a periphery diagonal pair 7330 are each 1 1 tracks wide 
at the Gcell level. At this level, these paths share 5 tracks with each other. Accordingly, 
for the Gcell level, some embodiments specify a constraint that the congestion about 
these path must be 16 tracks or less (i.e., specify that wireflow across P36 plus wireflow 
across 7335 plus any blockages at most take 16 tracks). 



Unlike an interior diagonal pair constraint that requires the LP solver to compute 
r the congestion about both the diagonal paths in the pair, a periphery diagonal pair 
If constraint only requires the LP solver to compute the congestion about the interior 
diagonal path of the periphery pair for an LP solution. This is because the congestion 
i5 about the periphery path of a periphery diagonal pair is computed during the propagation 
operation that preceded the current solve operation. 

For instance, the congestion about the periphery path 7335 for the periphery 
diagonal pair 7330 might have been computed when the Manhattan or diagonal path 
incident upon slot 7360 or the diagonal path incident upon a slot neighboring slot 7360 
20 were propagated down into the child slot 7365 of slot 7360. Some embodiments keep a 
record of the capacity of a propagated path between a child slot of a first parent slot and 
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the child slot of a second parent slot that is adjacent to the first parent slot. Some 
embodiments maintain such a record by (1) creating slot pair record for adjacent child 
slots of adjacent parent slots, (2) storing the identity of the two adjacent child slots in the 
slot-pair record, (3) initializing a capacity field that represents the capacity of the 
propagated periphery path between the two child slots, and (4) decrementing this capacity 
for use and blockages. These embodiments then identify the capacity of each periphery 
path by retrieving the slot-pair record that stores this capacity. Some embodiments 
retrieve the slot-pair record by using the identity of the two child slots on which the 
periphery path is incident (i.e., the current slot's child slot, and the neighboring slot's child 
slot). 

Figure 74 illustrates the second type of constraint, i.e., the mixed triplet 
constraints. This constraint is similar to the first type of constraint, the diagonal pair 
constraint, except that the mixed triplet constraint constrains the congestion about an 
adjacent co-linear diagonal path pair plus the Manhattan path between the diagonal pair. 

Figure 74 illustrates eight constrained mixed triplets, four involving path P36 and 
four involving path P27. Like the diagonal pair constraints, the mixed triplet constraints 
can be classified as interior or periphery constraints depending on whether one of the 
diagonal paths of the triplet is on the periphery of the current slot. 

The four constrained mixed triplets about path P36 in Figure 74 are: (1) interior 
mixed triplet 7405, which includes paths P21, P36 and P38, (2) periphery triplet 7410, 
which includes paths P9, P36 and 7445, (3) periphery triplet 7415, which includes paths 
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P20, P36 and 7455, and (4) interior mixed triplet 7420, which includes paths P6, P36 and 
P30. 

The four constrained mixed triplets about path P27 in Figure 74 are: (1) interior 
mixed triplet 7425, which includes paths PI 4, P27 and P29, (2) interior triplet 7430, 
which includes paths P4, P27 and 7433, (3) interior triplet 7435, which includes paths 
P13, P27 and P25, and (4) interior mixed triplet 7440, which includes paths PI, P27 and 
7450. 

The three paths in each constrained mixed triplet share several tracks. For 
instance, given the diagonal wire model representation of Figures 62 and 63, several 
tracks represented by one of the diagonal paths are the same as several tracks represented 
by the other diagonal path. Also, given the Manhattan wire-model representation of 
Figure 61, a Manhattan path can be propagated into lower-level child slots through 
several diagonal paths that compete for the same tracks as the diagonal paths neighboring 
the Manhattan path. Accordingly, some embodiments constrain the congestion about 
each constrained mixed triplet to account for this sharing. 

For instance, when the two diagonal paths in the pair share about half of the 
tracks, some embodiments constrain the congestion about an interior mixed triplet to be 
1.5 times the capacity of one of the diagonal path's in triplet plus the capacity of the 
Manhattan path in the Manhattan direction only. For example, at the Gcell level, the two 
interior diagonal paths P36 and P38 are each 1 1 tracks wide and share 5 tracks with each 
other, while the Manhattan path P21 is 8-tracks wide in the Manhattan direction and 5- 
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tracks wide in the East direction (i.e., path P21 can use 8 tracks on the vertical layer of 
wiring and 5 tracks in the East layer wiring). Accordingly, at the Gcell level, some of 
these embodiments specify a triplet constraint that the congestion (i.e., wireflow plus 
blockages) about paths P21, P36, and P38 must at most take 24 tracks (i.e., the 16 
5 available East tracks plus the 8 available vertical tracks). 



Other embodiments might constrain the congestion an interior mixed triplet to be 
1.5 times the capacity of one of the diagonal paths in triplet plus the capacity of the 
Manhattan path in the Manhattan direction and the opposite diagonal direction, when the 
£ two diagonal paths in the pair share about half of the tracks. So, for the above example 
ljuj (where, at the leaf-slot level, the two interior diagonal paths P36 and P38 are each 1 1 
m tracks wide and share 5 tracks with each other, while the Manhattan path P21 is 8-tracks 
m wide in the Manhattan direction, 5 -tracks wide in the East direction, and 5 -tracks wide on 
O the West direction), some of these embodiments specify a triplet constraint that the 
9 congestion about paths P21, P36, and P38 must at most take 29 tracks (i.e., the 16 
\% available East tracks plus the 8 available vertical tracks plus 5 available West tracks). 



In addition, like the periphery diagonal pair constraints, the periphery mixed 
triplet constraints are analyzed like the interior constraints in some embodiments, except 
for the computation of the congestion about the periphery path of the triplet during the 
prior propagation operation. In other words, an interior mixed triplet constraint requires 
20 the LP solver to compute the congestion about both the triplets diagonal paths and 
Manhattan path for an LP solution. The periphery mixed triplet constraint only requires 
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the LP solver to compute the congestion about the triplet's interior diagonal path and the 
Manhattan path for an LP solution. The LP solver can retrieve the congestion about the 
periphery path from the slot-pair record for the two child slots that the periphery path 
traverses. 

Figure 75 illustrates the third type of constraint, i.e., the diagonal triplet 
constraints. This constraint is similar to the first type of constraint, the diagonal pair 
constraint, except that the diagonal triplet constraint constrains the congestion about three 
co-linear diagonal paths instead of two. Figure 75 illustrates four constrained diagonal 
triplets, two involving path P36 and two involving path P27. 

Like the diagonal pair constraints, the diagonal triplet constraints can be classified 
as interior or periphery constraints depending on whether one of the diagonal paths of the 
triplet is on the periphery of the current slot. The four constrained diagonal triplets in 
Figure 75 are: (1) periphery diagonal triplet 7505, which includes paths P36, P38 and 
7530, (2) periphery diagonal triplet 7510, which includes paths P30, P36 and 7525, 

(3) interior diagonal triplet 7515, which includes paths P25, P27 and P29, and 

(4) periphery diagonal triplet 7520, which includes paths P27, P33, and 7535. 

Given the diagonal wire model representation of Figures 62 and 63, the middle 
path in the triplet shares several tracks with the other two diagonal paths. Accordingly, 
some embodiments constrain the congestion about each constrained diagonal triplet to 
account for this sharing. 
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When the middle diagonal path in the triplet shares about half of its tracks with 
one of the other diagonal paths and shares the other half with the other diagonal path, 
some embodiments constrain the congestion about a diagonal triplet to be 2.0 times the 
capacity of one of the diagonal path's in triplet. For example, in some embodiments at the 
Gcell level, each diagonal path is 11 tracks wide, and shares 5 tracks with each 
neighboring co-linear diagonal path. Accordingly, for the Gcell level, some embodiments 
specify a triplet constraint that the congestion (/.<?., wireflow plus blockages) about the 
three diagonal paths in a triplet (e.g., about paths P25, P27, and P29) must at most take 22 
tracks. 

In addition, like the periphery diagonal pair and mixed triplet constraints, the 
periphery diagonal triplet constraints are analyzed like the interior constraints in some 
embodiments, except for the computation of the congestion about the periphery path of 
the triplet during the prior propagation operation. Specifically, an interior diagonal triplet 
constraint requires the LP solver to compute the congestion about all the diagonal paths 
of the triplet. On the other hand, a periphery diagonal triplet constraint only requires the 
LP solver to compute the congestion about the triplet's interior diagonal paths. The LP 
solver can retrieve the congestion about the periphery diagonal path from the slot-pair 
record for the two child slots that the periphery path traverses. 

One of ordinary skill will realize that other embodiments might define other 
constraints. For instance, some embodiments might define a mixed quintuplet constraint, 
which constrains the congestion about a Manhattan path and the two pairs of adjacent co- 
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linear diagonal paths. One such quintuplet would include vertical path PI 3, -45° diagonal 
paths P25 and P27, and +45° diagonal paths P24 and P26. 

The Manhattan path in each quintuplet would share several tracks with the 
quintuplet's diagonal paths. In addition, the paths in each parallel diagonal pair share 
5 several tracks. Accordingly, when the two diagonal paths in each pair share about half of 
the tracks, some embodiments constrain the congestion about a mixed quintuplet to be 
about 3.0 times the capacity of one of the diagonal path's in quintuplet plus the capacity 
of the Manhattan path in the Manhattan direction only. For example, in some 
t embodiments at the leaf-slot level, each diagonal path is 1 1 tracks wide and shares 5 
l§j tracks with its adjacent co-linear diagonal path, while each Manhattan path is 8-tracks 

CP wide in the Manhattan direction. Accordingly, at the Gcell level, some of these 

u 

embodiments specify a quintuplet constraint that the congestion about the quintuplet must 

= 

S at most take 40 or 41 tracks, depending on whether the capacity about each parallel 

O 

Jp diagonal pair is truncated or not. 

O 

15 c. Formulation 

In some embodiment, the solver 3930 formulates the LP problem based on the 
above-described objective function and constraints. The formulation of the LP problem 
in some of these embodiments is as follows: 

[prepSolverlLP(slot)] 

20 - initialize variable minSlack to 0 // paths are not allowed to be over-constrained 
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- initialize variable lenAnd Via Weight to 100 // initially length and via count has priority 
over minimizing slack 

- initialize variable minSlackWeight to -1 

- while (! done) 

- declare & initialize the LP solver 

- declare objective row, and name it "objective" 

- for each identified set of trees for a net in the variable that stores all sets of 
identified trees for all nets in the current slot 

- if set is not empty (i.e., the set contains tree selection set for a net in this 

slot) 

- retrieve net index, N, from first tree record in set 

- declare a constraint, "rN", to constrain the solver to choose only 1 

tree for this net 

- for each path, N, in the slot 

- declare a constraint, "usageN", to define a variable summing the total 
usage of this path 

- declare a constraint, "eSlackN", to define a maximum slack value over 

all paths 

- declare a constraint, "mxuseN", to define a maximum usage value over 

all paths 

- if path N is a Manhattan path 

- declare a constraint, eMtplN, to constrain the sum of usages of 
Manhattan path N, and adjacent pair "east" paths // this constraint is for the mixed triplet 
that includes path N and 2 diagonal east paths adjacent to it 

- declare a constraint, wMtplN, to constrain the sum of usages of 
Manhattan path N, and adjacent "west" paths // this constraint is for mixed triplet that 
includes path N and 2 diagonal west paths adjacent to it 

- declare a constraint, epairN, to constrain the sum of usages of the 
2 "east" paths adjacent to path N // this constraint is for diagonal pair that includes 2 
diagonal east paths adjacent to path N 
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- declare a constraint, wpairN, to constrain the sum of usages of the 
2 "west" paths adjacent to path N // this constraint is for diagonal pair that includes 2 
diagonal west paths adjacent to path N 

- declare a constraint, eDtplN, to constrain the sum of usages of the 
2 "east" paths adjacent to path N, plus a 3rd east path below or to the left of the bottom- 
most/left-most adjacent east path // this constraint is for diagonal triplet that includes 2 
diagonal east paths adjacent to path N plus a 3rd east path below or to the left of the 
bottom-most/left-most adjacent east path 

- declare a constraint, wDtplN, to constrain the sum of usages of 
the 2 "west" paths adjacent to path N, plus a 3rd west path below or to the left of the 
bottom-most/left-most adjacent west path // this constraint is for diagonal triplet 
constraints that includes 2 diagonal west paths adjacent to path N plus a 3rd west path 
below or to the left of the bottom-most/left-most adjacent west path 

- define a constraint, n Min_Slack M , to limit the value of the minimum slack 
across all paths 

- define a constraint, "tLen", to define a variable summing the length costs 
of all chosen trees 

- define a constraint, "tVias", to define a variable summing the via costs of 

all paths 

// at this point, all the "rows" of the LP are declared. Now we continue by filling in 
the columns (i.e. declaring the variables) 



- for each set of trees, treeset, for a net in the variable, m_sols, that stores the sets 
of trees for all nets in the current slot 

- identify the net to which this set of trees belongs 

- for each tree in treeset 

- create a variable, "xN_T, where N is the net index and T is the 
ordinal number of the tree, to represent this tree 

- declare xN_T to be present with factor 1.0 in constraint "rowN" 

- identify wirelength cost of tree xN_T // computed by process 

6400 described above 

1 3 1 Attorney Docket: SPLX.P0049 



- compute the number of vias, "nVias", required to embed this tree 
// uses the processes 6800-7000 described above 

- declare xN_T to be present with factor estLen in constraint "tLen" 

- declare xN_T to be present with factor nVias times X in 
constraint "tVias" // where X is the conversion factor that was described above by 
reference to equation (I) 

- for each path, E, in the slot 

- if this tree uses path E 

- declare xN_T to be present with factor -1.0 in 

constraint usageE 

- for each path, E, in this slot 

- create variable, "uE", where E is an integer identifier of the path 

- declare uE to be present with factor 1 .0 in constraint "usageE" 

- declare uE to be present with factor -1.0 in constraint "mxuseE" 

- declare uE to be present with factor 1 .0 in constraint "eslackE" 

- if path E is a Manhattan path 

- declare uE to be present with factor 1.0 in constraint "eMtplE" 

- declare uE to be present with factor 1.0 in constraint "wMtplE" 

- retrieve two pairs of diagonal paths adjacent to path E 

- for each path, A, in the pairs 

- if the direction of path A is "east" 

- declare uA to be present with factor 1.0 in 

constraint eMtplE 

- declare uA to be present with factor 1.0 in 

constraint epairE 

- if the direction of path A is "west" 
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- declare uA to be present with factor 1.0 in 

constraint wMtplE 

- declare uA to be present with factor 1.0 in 

constraint wpairE 

- retrieve triple of diagonal paths adjacent to path E 

- for each path, B, in the triple 

- if the direction of path B is "east" 

- declare uB to be present with factor 1.0 in 

constraint eDtplE 

- if the direction of path B is "west" 

- declare uB to be present with factor 1.0 in 

constraint wDtplE 



- create variable, "slack" 

- declare slack to be present with factor 1.0 in constraint "Min_Slack" 

- declare slack to be present with factor "minSlackWeight" in the objective 
function 

- for each path, E, in this slot 

- declare slack to be present in constraint with factor 1.0 in constraint 

"eslackE" 

- if path E is a manhattan path 

- declare slack to be present with factor 1.0 in constraint "epairE" 

- declare slack to be present with factor 1.0 in constraint "wpairE" 

- declare slack to be present with factor 1.0 in constraint "eMtplE" 

- declare slack to be present with factor 1 .0 in constraint "wMtplE" 

- declare slack to be present with factor 1.0 in constraint "eDtplE" 

- declare slack to be present with factor 1.0 in constraint "wDtplE" 
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- create variable, "tV" 

- declare tV to be present with factor 1.0 in constraint "tVias" 

- declare tc to be present with factor "lenAndVia Weight" in the objective function 

- create variable "tL" 

- declare tl to be present with factor 1 .0 in constraint "tLen" 

- declare tl to be present with factor "lenAndViaWeight" in the objective function 

// up to here, we have declared constraints and filled in the left hand sides of their 
equations. Now, we'll set their right hand sides 

- for each set of trees, treeset, for a net in the variable, m_sols, that stores the sets 
of trees for ail nets in the current slot 

- if set is not empty (set contains tree selection set for a net in this slot) 

- retrieve net index, N, from first tree record in set 

- set RHS of constraint, M rN", to equal to 1.0 



- for each path, E, in this slot 

- set the rhs of constraint "usageE" equal to 0.0 

- set the rhs of constraint "mxuseE" equal to 0.0 

- retrieve capacity estimate, cap(E), produced by subtracting estimated 
path use (computed by process 5500) from estimate unblocked value (computed by 
process 5400) 

- set the rhs of constraint "eslackE" to cap(E) 

- if path E is a manhattan path 
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- calculate capacity estimate for sharing constraint eMtplE, 
capeMtplE, and set the rhs of constraint eMtplE to this capacity 

- calculate capacity estimate for sharing constraint wMtplE, 
capwMtplE, and set the rhs of constraint wMtplE to this capacity 

- calculate capacity estimate for sharing constraint epairE, 
capepairE, and set the rhs of constraint epairE to this capacity 

- calculate capacity estimate for sharing constraint wpairE, 
capwpairE, and set the rhs of constraint wpairE to this capacity 

- calculate capacity estimate for sharing constraint eDtplE, 
capeDtplE, and set the rhs of constraint eDtplE to this capacity 

- calculate capacity estimate for sharing constraint wDtplE, 
capwDtplE, and set the rhs of constraint wDtplE to this capacity 



- set the rhs of constraint "tVias" equal to 0.0 

- set the rhs of constraint "tLen" equal to 0.0 

- set the rhs of constraint "Min_Slack" equal to variable minSlack 



- solve the LP 



- if no solution exists // remove hard constraint on minimum slack, reset weights 
such that slack is priority over length and via count 

- set variable minSlackWeight=-500 

- set variable minSlack - -1000 

- set variable lenAndViaWeight = 1 

- if solution was found 

- exit while loop 
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As indicated above, the third-to-last statement of the formulation tells (at 5325) 
the LP solver to solve the problem. The LP solver then tries to solve this problem. If the 
LP solver fails to solve this problem in the first iteration through the while loop described 

5 above, the formulation above changes values of certain constants so that the minimum 
slack is no longer much of a constraint but rather serves as the primary component of the 
objective function. Specifically, the change to the constants minSlackWeight, minSlack, 
and lenAndViaWeight effectively makes the capacity constraint (which is the only 

y* constraint that would cause the first attempt to fail) ineffective. The LP solver then tries 

M to solve the problem again. The change to the constants minSlackWeight, minSlack, and 

Ul 

~ lenAndViaWeight ensures that the second attempt will produce a solution. One of 

tL 

m ordinary skill will understand that other embodiments might change the value of these 
□ variables more incrementally to find solutions with different characteristics. However, 
5 such incremental changes might reduce the speed of the solver. 

1? The solution that the LP solver returns is one that meets all the constraints and 

produces the lowest objective-function output. The returned solution may include real 
numbers for each tree variable xN_C . For instance, if the solver submitted three routes 
to the LP solver, the LP solver might return a score of 0.8 for one route, 0.1 for the other 
route, and 0. 1 for the last route. 

20 As mentioned above, the process 5300 converts (at 5330) this LP solution into an 

ILP solution, i.e., a solution that specifies a 0 or 1 as the value of each tree variable 
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xN_C. Also, as mentioned above, some embodiments use randomized rounding to 
perform this conversion. Based on the set of routes selected at 5330, the solver 3930 
stores (at 5335) a 42-bit selected route string in each slot-net data structure of the current 
slot. This 42-bit string specifies the paths in the current slot that the selected route of the 
net takes. 

One of ordinary skill will understand that despite the above description of the 
solver, other embodiments might use different approaches to solve the routing problem at 
any particular level of the routing hierarchy. For instance, some embodiments might 
define objective functions and constraints in a different manner than those described 
above. For instance, some embodiments might use the cost of a route as a constraint, and 
have the objective function simply minimize congestion. Also, instead of using an LP 
solver to generate an LP solution and converting the LP solution into an ILP solution, 
other embodiments use an ILP solver to generate an ILP solution. Yet other 
embodiments use a sequential approach to embed routes for each net in the current slot. 

F. Propagator 

After the solver specifies the route for each slot-net of the current slot, the slot 
manager 3925 calls the propagator 3935 when the current slot is not at a leaf slot. The 
propagator then determines how the routing paths specified by the solver for the current 
routing level propagate down into the child slots of the current slot. For slots that are 
after the top-level slot but before the leaf-level slot, the propagator also performs a 
follow-up propagation operation that propagates the paths specified by the propagator at 

1 3 7 Attorney Docket: SPLX.P0049 



the previous routing level one level further down. For each net in the current slot, the 
propagator might have to modify the net's pin distribution within each child slot to 
account for the propagations that it identifies. 

Two different propagators are described below. The first propagator enumerates 
several propagation solutions for each net's route and then uses the LP solver 3945 and 
ILP converter 3950 to select a propagation solution for each net. The second propagator, 
on the other hand, is a sequential propagator that uses a greedy approach to select and 
embed a propagation for the route of each net in the current slot. In the embodiments 
described below, both these propagators also use a sequential propagator to perform the 
follow-up propagation, when applicable. 

Some embodiments use the first propagator when they use the seven-permutation 
propagation model of Figure 62 for diagonal paths, and use the second propagator when 
they use the nineteen-permutation propagation model of Figure 63 for diagonal paths. 
Some of these embodiments use the ten-permutation propagation model of Figure 61 for 
Manhattan paths, in conjunction with either of these models. 

1. ILP Propagator 

Like the solver, the ILP propagator enumerates and costs several propagation 

solutions for each net's route into the affected child slots. The propagator then formulates 

an LP problem and feeds these solutions to the LP solver 3945, which, in turn, returns a 

number of real-number solutions. These real-number solutions are then converted into 

integer solutions by the ILP solver 3950. These integer solutions specify a particular 

138 Attorney Docket: SPLX.P0049 



1 



configuration for each net within each affected child slot, and the propagator stores each 
net's configuration in the net's slot-net data structure for the affected child slot. 

Figure 76 illustrates a process 7600 that the ILP propagator performs in some 
embodiments. In some embodiments, this process starts when the slot manager calls the 
5 propagator and supplies it with a current slot. The process 7600 initially estimates (at 
7605) the availability of each propagation possibility of each path. One manner of 
estimating the availability of the propagations will be described below by reference to 
Figures 77 and 78. 

La. 

2 After estimating the availability of each propagation possibility of each path, the 

IjJ process 7600 enumerates and costs (at 7610) all propagation permutations for each slot- 

01 

H net in the current slot. One manner of enumerating and costing the propagations will be 
L described below by reference to Figures 79 and 80. 

9 After enumerating and costing the potential propagation permutations, the LP 

4 s 

ry propagator formulates an LP problem for the LP solver 3945. One manner of formulating 
15 the LP propagation problem will be described below in Section VI.F.l.d. The process 

7600 then converts (at 7625) the LP solution returned by the LP solver to an ILP solution. 

In some embodiments, the process performs randomized rounding to make this 

conversion. One manner of performing randomized rounding was described above in 

Section VI.E. 

20 Based on the propagations specified at 7625, the process then modifies (at 7630) 

the 16-bit pin distributions of the slot-nets in the child slots of the current slot, when 
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necessary. If at this stage there is no slot-net data structure to modify for a particular net, 
the propagator will instantiate one and record the 16-bit pin distribution in it. 

When the current slot's level is at least two levels above the leaf level, the process 
7600 adds (at 7635) the propagation paths that it identified at 7625 to the follow-up 
propagation list for the next lower recursion level. When the current slot's level is after 
the top level but before the leaf level, the propagator then performs (at 7640) a follow-up 
propagation operation. This operation propagates the routing paths specified by the 
propagator at the previous routing level one level further down. One manner of 
performing follow-up propagation is explained below by reference to Figures 65 and 81. 

When the current slot's level is the level immediately before the leaf level (i.e., 
when the current slot is a grandparent of Gcells), the process 7600 next calls (at 7645) the 
saver to link to the dBNets 4110 the path data structures of the propagation paths 
specified at 7625 and, when applicable, for the propagation paths specified at 7640. The 
process then ends. 

a. Estimating Congestion of the Propagations. 

As mentioned above, the process 7600 estimates (at 7605) the remaining 

availability of each propagation possibility for each path in the current slot. In some 

embodiments, the process 7600 computes this estimate by (1) estimating the blocked 

capacity of each propagation of each path, (2) estimating the use of each propagation of 

each path, and (3) summing each propagation's blocked capacity and use. The estimation 

of the blocked capacity of each propagation is described below by reference to Figure 77, 
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while the estimation of the use of each propagation is described below by reference to 
Figure 78. 

(1) Estimated Blocked Capacity of Each Path. 

Figure 77 illustrates a process 7700 for estimating the blocked capacity of each 
propagation of each path in the current slot. The propagation process 7600 performs 
process 7700 at 7605. Initially, this process allocates (at 7702) a data structure (e.g., a 
matrix) that has at least one field for storing the blocked capacity of each propagation of 
each path in the current slot. At 7702, the process also initializes each field in the data 
structure to 0. 

At 7704, the process selects a circuit module in the current slot's list of circuit 
modules. The process then retrieves (at 7706) the circuit macro for the selected circuit 
module. It then selects (at 7708) an obstacle on the circuit macro, and computes (at 7710) 
the bounding box of the selected obstacle. 

Next, the process (at 7712) selects one of the 42 paths of the current slot. It then 
selects (at 7714) one of the propagations of the path selected at 7712. The process next 
determines (at 7716) whether path selected at 7712 is on the same layer as the obstacle 
selected at 7708. 

If the selected path's layer matches the selected obstacle's layer, the process 
calculates (at 7726) the bounding box of the selected propagation. At 7726, the process 
also calculates the area of the bounding box of the propagation. The process next 
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identifies (at 7728) the intersection of the selected propagation's bounding box and the 
selected circuit module's bounding box, and calculates (at 7730) the area of this 
intersection. The process computes (at 7732) an obstruction factor by dividing they 
calculated intersection area by they calculated propagation area. The process next 
5 multiplies (at 7734) the obstruction factor by the default propagation capacity, and then 
adds (at 7736) the result of this multiplication to the propagation's blocked capacity that is 
stored in the data structure allocated at 7702. The process then transitions to 7718, which 
is described below. 

£ If the process determined at 7716 that the selected path's layer is not the same as 

fl| the selected obstacle's layer, the process transitions to 7718. At 7718, the process 
m determines whether it has examined all the propagations for the path selected at 7712. If 
W not, the process returns to 7714 to select another propagation for the selected path. On 

5 

P the other hand, if the process determines (at 7718) that it has examined all the 
j? propagations for the path selected at 7712, the process determines (at 7720) whether it has 

5 

m examined all the paths of the current slot. If not, the process returns to 7712 to select 
another path of the current slot. 

Alternatively, if the selected path is the last path of the current slot, the process 
determines (at 7722) whether it has examined all the obstacles of the circuit module 
selected at 7704. If not, the process transitions to 7708 to select another obstacle of the 
20 selected circuit module. Otherwise, the process determines (at 7724) whether it has 
examined all the circuit modules in the current slot. If not, the process transitions to 7704 
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to select another circuit module in the current slot. However, if the process examined all 
the circuit modules in the current slot, the process ends. 

b. Estimated Use of Each Path Propagation. 

Figure 78 illustrates a process 7800 for estimating the use of each propagation of 
each path in the current slot. This process starts each time the propagator calls it at 7605. 
In some embodiments, the process 7800 receives from the propagator a data structure 
(e.g., a matrix) of floating-point variables for storing the estimated use of each 
propagation. In other embodiments, the process 7800 does not receive such a data 
structure, but rather creates this structure when it starts. In some embodiments, the 
received or created data structure has at least one entry for each propagation possibility. 

As shown in Figure 78, the process 7800 initially selects (at 7805) one of the 
child slots of the current slot. It then calls (at 7810) the path-use estimating process 5500 
of Figure 55 for the selected child slot. The path-use estimating process 5500 computes 
and returns an estimated usage value for each path of the selected child slot. As the 
estimating process 5500 was described above, it will not be described here in order to not 
obscure the description of the invention with unnecessary detail. 

After 7810, the process 7800 determines (at 7815) whether it has computed the 
path usage values for all the child slots of the current slot. If it has not, it returns to 7805 
to select another child slot, and computes (at 7810) the path-usage values for the newly- 
selected child slot. When the process determines (at 7815) that it has examined all the 

current slot's child slots, it selects (at 7820) one of the 42 paths in the current slot. 
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At 7825, the process selects one of the propagations for the selected path. It then 
computes (at 7830) an estimate of the use of the selected path propagation based on that 
path-usage values of the neighboring child slot paths. For instance, in some embodiments 
of the invention, the process uses the formula below to compute the usage of propagate 0 
of path 1 : 

prop_0-path_l_use = (l/2)*(l/2*path[l][2] + l/3*path[l][l] + 
l/6*path[l][0] + l/2*path[2][0] + l/3*path[2][l] + 
l/6*path[2][2]), 

where path[i][j] refers to the usage of path j of child slot i. Similar equations can be used 
to analogously define the propagation usage values for the other propagation possibilities. 

The equation above defines a propagation usage value for propagation 0 of path 1 
between child slots 1 and 2 in terms of the congestion within child slots 1 and 2. This 
equation only examines the horizontal path in the child slots that are in line with 
propagation 0 of path 1 . Specifically, it examines the component usage value of 
propagate 0 of path 1 in terms of the horizontal paths 0, 1, and 2 of child slots 1 and 2. 
The summation of the usage values in both child slots 1 and 2 is multiplied by 1/2 to 
reflect that the capacity of propagation 0 of path 1 in the current slot is equally influenced 
by the capacities of the child paths in child slots 1 and 2. 

The multipliers 1/2's, 1/3's and 1/6's are used in the summation for both child slots 

1 and 2 for the following reasons. The objective is to guess how many wires can be 

pushed through a propagate path. Some of these wires will terminate immediately after 
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crossing the propagate path, while some will cross the entire width of the slot incident to 
the path. It is assumed that there will be a uniform distribution of "endpoints" of the wires 
using the path, such that for propagate 0 of path 1 1/4 will terminate in slot 0 of child slot 
2, 1/4 will terminate in slot 1 of child slot 2, 1/4 in slot 2 of child slot 2 and 1/4 in slot 3 
of child slot 2 and beyond. This means that 3/4 of the wires that use the path 1 will also 
use path 0 of child slot 2, 2/4 will use path 1 in child slot 2, and 1/4 will use path 3 in 
child slot 2- which gives a ratio of 3:2:1 (or 3/6, 2/6, 1/6) of relative impact of the usages 
of these 3 paths on the estimated use of the propagated path. 

At 7835, the process determines whether it has examined all the potential 
propagations of the path selected at 7820. If not, the process transitions back to 7825 to 
select another propagation for the selected path, and computes (at 7830) an estimate of 
the use of the newly-selected propagation. 

When the process determines (at 7835) that it has examined all the propagations 
for the path selected at 7820, the process determines (at 7840) whether it has examined all 
the paths of the current slot. If it has not examined all paths, the process transitions back 
to 7820 to select another path of the current slot, and then performs operations 7825-7835 
to compute the use of the propagation possibilities of the newly-selected path. When the 
process determines (at 7840) that it has examined all the paths in the current slot, the 
process ends. 
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c. Enumerating and Assigning costs for each propagation 

After estimating the availability of each propagation possibility of each path, the 
process 7600 enumerates and costs (at 7610) all propagation permutations for each slot- 
net in the current slot. Figure 79 illustrates one manner of enumerating and costing the 
propagations. 

As shown in Figure 79, the process 7900 starts by selecting (at 7905) a slot-net of 
the current slot. The process then initializes (at 7910) 16 empty lists, one for storing the 
paths incident on a particular child slot. The process next retrieves (at 7915) the route for 
the slot-net selected at 7905. 

At 7920, the process selects one of the paths of the retrieved route. It then 
identifies the two child slots corresponding to the end points of the selected path. The 
process adds the selected path to the path list of each child slot identified at 7925. At 
7935, the process determines whether it has examined all the paths of the route retrieved 
at 7915. If not, the process returns to 7920 to select another path of the route. 

When the process determines that it has added all the paths of the route to their 
corresponding child slots' lists, the process selects (at 7940) one of the child slots of the 
current slot and retrieves the list of paths of the selected child slot. The process selects 
the child slot at 7940 in order to enumerate and cost all the possible propagation 
permutations of the selected slot-net in the selected child slot. At 7945, the process 
retrieves the selected slot-net's pin distribution in the selected child slot. 
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At 7950, the process initializes an empty list to store all possible path propagation 
configurations in the child slot selected at 7940. At 7955, the process determines whether 
the selected child slot's path list is empty (i.e., whether the slot-net's route has any paths 
that traverse the child slot). When the slot-net's route does not traverse the selected child 
slot, the process does not need to identify propagation configurations for the slot-net's 
route through the selected child slot. Accordingly, the process transitions to 7985 to 
determine whether it has examined all the child slots of the current slot. The flow of the 
process 7900 from 7985 will be described below. 

If the process determines (at 7955) that the slot-net's route traverses the selected 
child slot and that it therefore needs to identify propagation configurations for the slot- 
net's route in the selected child slot, the process 7900 performs 7960-7980 to enumerate, 
cost, and store all the possible propagation permutations of the selected slot-net in the 
selected child slot. 

In some embodiments, the process 7900 uses a recursive function to perform 
7955-7980. This function identifies each path-propagation permutation by (1) selecting 
one possible propagation for a path on the selected child slot's path list, (2) setting a 
virtual pin to account for the selected propagation, (3) recursively repeating the first two 
operations for each of the subsequent paths on the path list when such paths exist. For 
each identified propagation permutation, the process 7900 then performs 7970-7975 to 
cost and save each permutation, and add each permutation to a list of propagation 
configurations. 
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More specifically, at 7960, the process 7900 identifies one permutation of path 
propagations in the selected child slot. When the slot-net's route has only one path that is 
incident on the selected child slot, the identified propagation permutation is one of the 
propagation possibilities for the path incident on the selected child slot. On the other 
hand, when the slot-net's route has more than one path incident on the selected child slot, 
each identified permutation is a unique combination of propagations for each of the paths 
incident on the selected child slot. 

As illustrated in Figure 61, a horizontal vertical path has ten propagation 
possibilities in some embodiment of the invention. On the other hand, a diagonal path has 
seven propagation possibilities in some embodiment as illustrated in Figure 62, while it 
has nineteen propagation possibilities in other embodiments as illustrated in Figure 63. 
One of ordinary skill will understand that other embodiments use other propagation 
models for horizontal, vertical, or diagonal paths. 

After identifying one permutation of path propagations in the selected child slot, 
the process identifies (at 7965) a pin configuration that accounts for the path propagations 
of the permutation identified at 7960. Such a pin configuration is the same as the slot- 
net's pin distribution in the selected child slot except that it might include one or more 
virtual pins to account for path propagations of the identified permutation. 

The process then computes (at 7970) the cost of the pin configuration identified at 
7965. In some embodiments, this cost is the wirelength cost of the route necessary for 
connecting the selected child slot's pins that are specified by the identified pin 
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configuration. As before, some embodiments retrieve this cost from a pre-tabulated table 
that specifies the cost of the optimal Steiner routes for each pin configuration, while other 
embodiments compute this cost in real time based on the costs of the route paths. 

At 7970, the process stores the identified propagation permutation (i.e., the 
identified path propagations)_and its cost in a configuration record. The data structure for 
such a record is illustrated in Figure 80. The propagator creates a list of this data 
structure and uses this list to keep track of all the configurations generated by the 
propagator. This data structure includes a reference to the net's dbNet data structure. It 
also contains a child-slot identifier that identifies for the propagator the identity of the 
child slot for the configuration. This structure also includes a name from which path 
propagations can be derived. It further stores the wirelength cost and a list of paths. 

After 7970, the process adds (at 7975) the configuration record created at 7970 to 
a list of configuration for the selected child slot. The process then determines (at 7980) 
whether it has examined all the path-propagation permutations in the selected child slot. 
As mentioned above, some embodiments perform this determination as part of a recursive 
function that identifies all the path-propagation permutations. 

If the process determines (at 7980) that it has not examined all path-propagation 
permutations, it identifies (at 7960) another permutation and then costs and stores (at 
7965-7975) this permutation. When the process has examined all path-propagation 
permutation, it determines (at 7985) whether it has examined all the child slots. If not, 
the process returns to 7940 to select another child slot. 
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When the process determines (at 7985) that it has examined all the child slots, the 
process determines (at 7990) whether it has generated the propagation permutations for 
all slot-nets in the current slot. If not, the process returns to 7905 to select another slot- 
net, and then performs subsequent operations to enumerate and cost the propagation 
5 permutations for the newly- selected slot-net. The process ends when it has examined all 
the slot-nets in the current slot. 

d. LP Problem Formulation and Solving 

The ILP propagator 3935 formulates the LP problem by providing the LP solver 

U 3945 with one or more objective functions, a number of solutions, and several 

□ 

ljj constraints. The LP solver then needs to use the objective functions to select the optimal 

s 

y, solution in view of constraints. 

□ The basic variables in the LP-propagation formulation are the configuration 

u 

0 records, nXtYeApB..., where the lower case letters are keywords (n=net; t=child slot; 

r 

e=path; propagation), and the upper-case letters represent numbers (from 0 to the 
15 number of nets in the design for 'n'; from 0-15 for T; from 0-41 for 'e'; and from 0-9 for 

M- 

This LP solver returns an LP solution that includes a real number value for each 
configuration variable. As mentioned above, the process 7600 then converts this LP 
solution into an ILP solution, i.e., a solution that specifies a 0 or 1 as the value of each 
20 configuration variable. Instead of using an LP solver to generate an LP solution and 



150 



Attorney Docket: SPLX.P0049 



converting the LP solution into an ILP solution, other embodiments use an ILP solver to 
generate an ILP solution. 

As mentioned above, some embodiments use as the LP solver the "SoPlex" solver, 
which has been implemented by Roland Wunderling as a part of his Ph.D. thesis entitled 
"Paralleler und Objektorientierter Simplex- Algorithmus" (in German). Information about 
this solver is available at the following website: 

http://www.zib.de/Optimization/Software/Soplex/. 

Also, as mentioned above, the task of the LP solver is to identify an LP solution 
that minimizes one or more objective functions while satisfying a number of constraints. 
The embodiments described below specify the following objective function for the LP 
propagation. 

minimize: LlnXtYeApB + ... + LLnQtWeDpCeApD + ... 
This objective function minimizes the total length. Specifically, each term in this 
function represents a configuration (i.e., a complete selection of propagations of paths for 
a net in a child slot), and is multiplied by the estimated length of that configuration (LI, 
LL). 

Also, the embodiments described below specify three constraints. The first 
constraint requires the LP solver to pick only one configuration for every slot-net, as 
indicated below. 

nXtY: nXtYeApB..eQpZ + nxtYeApC.eQpR + .... = 1; 
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One such constraint is defined for each slot-net across the 16 child-slots of the most 
recently solved slot. This constraint serves to limit number of selected configurations to 
1 per slot-net. 

The second constraint is a propagation consistency constraint, which serves to 
ensure coherency between child slots (e.g., if propagation B is chosen for path A in child 
slot Y, then the same choice must be made in the other child slot incident to path A). 
This constraint can be specified as follows: 

nXeYpZ: nXtOeYpZeQpl + nXt0eYpZeQp2+ nXt0eYpZeQp7... - 
nXtleYpZeSpl - nXtleYpZeSp2 - nXtleYpZeSp3 = 0 

Note that there will be as many positive terms as there are configurations specifying 
propagation B for path A in child slot Y for net X, and there will be as many negative 
terms as there are configurations specifying propagation B for path A in child slot W for 
net X. 

The third constraint is a capacity constraint. Some embodiments map the slot-net 
configurations in the child slots to usage of paths between the grandchild slots (i.e., map 
each propagation in the child slots to use of paths between the grandchild slots). These 
embodiments then ensure that the capacity of the paths between grandchild slot are 
respected. 

The formulation of the LP-propagation problem in some of these embodiments is 
as follows: 
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[prepPropagationlLP(slot)] 

- initialize slack = 0 

- while we don't have a solution 

- initialize a new LP solver 

- declare the objective function, "objective" 

- for each path of the slot 

- for each propagation of the path 

- retrieve all paths comprising the propagation 

- for each path of the propagation 

- retrieve the (child-slot,grandchild-slot) pairs that serve as 
endpoints of the path (a child-slot,grandchild-slot pair may occur in more than one 
propagation) 

- if this (child-slot,grandchild-slot) pair has not yet been 

processed 

- create a constraint "tAsBtCsD", where A is a 
child-slot, B is a grandchild-slot of child-slot A, C is a child-slot, and D is a grandchild- 
slot of child-slot C. This constraint will limit the use of the path between the grandchild- 
slots. 

- declare a constraint "totlen" to define a total length variable 

- for each slot-net X 

- for each path Y in the route for the slot-net 

- for each propagation Z of that path 

- declare a constraint, "nXeYpZ", to force the LP solver to 
choose the same propagation for an identical path in both of its incident child-slots 

- for each child-slot upon which the route of the current slot-net is incident 

- declare a constraint, "nXtY", where Y is the number of the child- 
slot. This is destined to select one configuration per slot-net in each child-slot 
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// finished declaring constraints, now turn to variables 



- for each slot-net 

- for each child-slot upon which the route of the current slot-net is incident 

- identify all configurations of slot-net in child-slot // done 
according to process 7900 

- for each generated configuration 

- create variable "nAtBeCpD" where A,B,C,D are integers 
identifying the net, slot, path and propagation, respectively of the config 

- for each path in the config 

- if propagation for the path is "unuseable", add a 
penalty to the config cost // where unuseability determined based on the congestion 
estimate obtained from the estimates produced by processes 7700 and 7800 

- declare nAtBeCpD to be present in constraint 
"nAeCpD" with factor 1.0 if B is the lesser index of the 2 child-slots incident to this path, 
-1.0 otherwise 

- for each sub-path in the propagation of the path 

- retrieve the 2 (child-slot, grandchild-slot) 

pairs that serve as endpoints of the sub-path 

- declare nAtBeCpD to be present in the 
constraint corresponding to this pair of (child-slot,grandchild-slot)s with factor 0.5 

- declare nAtBeCpD to be present in constraint "nAtB" with 

factor 1.0 

- declare nAtBeCpD to be present in constraint "totLen" 
with factor equal to the config cost, stored in the configuration's data structure, plus any 
penalty 



- create variable "tl" to represent the total length of the configs selected 
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- declare tl to be present in constraint "totLen" with factor -1.0 

- declare tl to be present in the objective function with factor 1.0 



- set the rhs of constraint "totLen" = 0.0 

- for each path of the slot 

- for each propagation of the path 

- retrieve all paths comprising the propagation 

- for each path of the propagation 

- retrieve the (child-slot,grandchild-slot) pairs that serve as 
endpoints of the path (a child-slot,grandchild-slot pair may occur in more than one 
propagation) 

- if this (child-slot,grandchild-slot) pair has not yet been 

processed 

- create a constraint "tAsBtCsD", where A is a 
child-slot, B is a grandchild-slot of child-slot A, C is a child-slot, and D is a grandchild- 
slot of child-slot C. This constraint will limit the use of the path between the grandchild- 
slots. 

- set the rhs of constraint "tAsBtCsD" to the default 
capacity of the propagation-path plus the local variable "slack" value minus the sum of 
the estimate path use of the propagation and the blocked capacity of the propagation path 
// where the estimated path use was computed by process 7800 and the blocked capacity 
was computed by process 7700 



- for each slot-net A 

- for each path B in the route of the slot-net 

- for each propagation C of that path 

- set rhs of constraint "nAeBpC" to 0.0. 

- for each child-slot B upon which the route for this slot-net is incident 

- set the rhs of constraint "nAtB" equal to 1 .0 
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- solve the LP 

- if a solution was found, break out of while loop; otherwise set slack=slack+l and 
start again 

As indicated above, the second-to-last line of the formulation tells (at 7620) the 
LP solver to solve the problem. The LP solver then tries to solve this problem. Each 
time the LP solver fails to solve this problem, the formulation above increments the slack 
value until the LP solver is able to solve the problem. 

The LP solver returns a real-number optimal solution. The process 7600 then 
converts this solution to an integer LP ("ILP") solution. Some embodiments use 
randomized rounding to perform this conversion, as described above. One of ordinary 
skill will understand that, instead of using an LP solver to generate an LP solution and 
converting the LP solution into an ILP solution, other embodiments use an ILP solver for 
the propagator to generate an ILP solution. 

e. Follow-Up Propagation 

When the current slot's level is at least two levels above the leaf level, the process 
7600 adds the propagation paths that it identified at 7625 to the follow-up propagation list 
for the next lower recursion level. Figure 65 illustrates one example of propagation 
paths that can be added to the follow-up propagation list. As mentioned above, this 
figure illustrates a net that has actual pins 6525 in slots 0 and 9. The selected route for 
this net uses paths PI 7 and P24 that traverse child slot 5 to connect child slots 0 and 9. 
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Figure 65 illustrates that the path P24 is propagated into child slots 0 and 5 by 
paths 6510 and 6515, while the path P17 is propagated into child slots 5 and 9 by path 
6520. The propagation path 6510 is between the child slot 7 of the current slot's child 
slot 0 and the child slot 8 of the current slot's child slot 1. The propagation path 6515 is 
between the child slot 13 of the current slot's child slot 1 and the child slot 2 of the 
current slot's child slot 5. The propagation path 6520 is between the child slot 14 of the 
current slot's child slot 5 and the child slot 2 of the current slot's child slot 9. Figure 65 
illustrates five virtual pins that have been added to the slots of child slots 1, 5, and 9. 

When the current slot's level is at least two levels above the leaf level, the process 
7600 adds the propagation paths 6510, 6515, and 6520 to the follow-up propagation list 
for the next lower recursion level. The propagator will then use this list when performing 
follow-up propagation for a child slot of the current slot. This propagation operation 
propagates the paths on the follow-up propagation list one level further down. 

Figure 81 illustrates a process 8100 for performing follow-up propagation for the 
current slot when the current slot is below the top-level slot but above the leaf-level slot. 
By definition, such a current slot is a child slot of a previous parent slot. As shown in 
Figure 81, the process 8100 initially determines (at 8105) either (1) whether the follow- 
up propagation list includes any path that has at least one anchor, or (2) whether the 
current slot is the last slot of the current level and the follow-up propagation list still 
includes one or more paths. 



157 



Attorney Docket: SPLX.P0049 



If the process identifies no paths at 8105, the process ends. Otherwise, the process 
8100 selects (at 8110) one of the identified paths, and removes this path from the follow- 
up propagation list. Next, the process costs (at 8115) each propagation permutation of the 
selected path. The cost of each propagation permutation includes the cost of its 
propagation path(s) plus the routing cost of the pin configurations in the two or three 
child slots that the propagation permutation traverses. 

Next, the process selects (at 8120) the lowest cost propagation permutation. The 
selected propagation permutation includes one and in some cases two propagation paths. 
For instance, in the example illustrated in Figure 65, the propagation of path P24 resulted 
in two propagation paths 6510 and 6515, while the propagation of path 17 resulted in one 
propagation path 6520. 

For each propagation path, some embodiments maintain a slot-pair record, which 
stores the identity of the child slots that the path joins and the remaining capacity of the 
path. Accordingly, at 8125, the process determines whether a slot-pair data structure 
exists for each propagation path that forms the propagation permutation selected at 8120. 
When such a structure does not exist for a propagation path of the selected propagation 
permutation, the process (at 8125) creates a slot pair structure for the path, stores in the 
structure the identity of the child slots that the path traverses, and initializes the capacity 
field of the structure. The initialized capacity for a propagation path is the default 
capacity of the path minus any blockages on the path. When a slot-pair structure already 



158 



Attorney Docket: SPLX.P0049 



w 



exists for a propagation path of the selected propagation permutation, the process 
identifies (at 8125) the path's remaining capacity from this structure. 

At 8130, the process determines whether the selected propagation permutation can 
be embedded in the current slot's child slots. In other words, the process determines 
whether the propagation path or paths that form the selected propagation permutation 
have a remaining capacity greater than a threshold value. In some embodiments, the 
threshold value is 0. In these embodiments, the selected propagation permutation is 
embeddable when all the paths that form it have a remaining capacity greater than zero. 

If the process determines that the selected propagation permutation cannot be 
embedded, it determines (at 8135) whether there are additional propagation permutations 
M for the path selected at 8120. If so, the process selects (at 8140) the next cheapest 
L propagation permutation and then transitions to 8 1 25 . 

is? 

H 

? When the process determines (at 8135) that there are no additional propagation 

m permutations to examine, the process embeds (at 8160) the best propagation permutation 
15 that it examined at 8130. This embedding might entail setting virtual pins in the pin 
distributions of affected child slots (i.e., setting virtual pins in the current slot's grandchild 
slots that the selected propagation permutation's path or paths traverse). One example of 
setting such virtual pins is illustrated in Figure 82. This figure illustrates (1) a path 6510 
from the follow-up path list that is propagated into slot 11 of child slot 7 by path 8205, 
20 and (2) a virtual pin 8210 that has been set in slot 11 to account for this propagation. 
This figure also illustrates that the path 6510 has been propagated along path 8215 into 
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slot 12 of child slot 4 and slot 1 of child slot 8 of the slot adjacent to the current slot 8220. 
This figure also illustrates two virtual pins that have been set in slots 12 and 1 of the 
adjacent slot's child slots 4 and 8. 

At 8160, the process also updates the available capacity of the propagation path or 
paths used by the embedded propagation permutation. As mentioned above, the available 
capacity of a propagation path can be computed as the default capacity of the path minus 
the sum of its blocked capacity and its path use estimate, where the blocked and use 
values are computed according to the processes 7700 and 7800. Some embodiments 
might not factor the path use estimate computed by using process 7800 in the available 
capacity of each propagation path. 

When the current slot's level is at least two levels above the leaf level, the process 
(at 8160) also adds the embedded propagation path(s) to the follow-up propagation list 
for the next lower recursion level. From 8160, the process transitions to 8150, which will 
be described below. 

When the process determines (at 8130) that a selected propagation permutation 
can be embedded, it embeds (at 8145) the propagation permutation selected at 8120 or 
8140. This embedding might entail setting virtual pins in the pin distributions of affected 
child slots (i.e., setting virtual pins in the current slot's grandchild slots that the selected 
propagation permutation's path or paths traverse). At 8145, the process also updates the 
available capacity of the propagation path or paths used by the embedded propagation 
permutation. When the current slot's level is at least two levels above the leaf level, the 
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process (at 8145) also adds the embedded propagation path(s) to the follow-up 
propagation list for the next lower recursion level From 8145, the process transitions to 
8150. 

At 8150, the process determines whether it has examined all the paths that it 
identified at 8105. If not, the process returns to 81 10 to select another unexamined path 
that it identified at 8105. If so, the process ends. 

2. Sequential Propagator 

Some embodiments of the invention use a sequential propagation approach to 
identify how to propagate the routes specified by the solver into the current slot's child 
slots. Some of these embodiments use such an approach when they use the diagonal 
propagation model of Figure 63. 

Figure 83 illustrates one a sequential-propagation process that is used in some 
embodiments. As shown in this figure, this process starts by computing (at 8305) the 
available capacity of each propagation between the child slots of the current slot's child 
slots. The available capacity of each propagation path equals the default capacity of the 
path minus its blocked capacity plus its path use estimate. As mentioned above, 
processes 7700 and 7800 can be used to compute the blocked and path use values. Some 
embodiments might not factor the path use estimate computed by using process 7800 in 
the available capacity of each propagation path. 
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After computing the available propagation capacities, the process selects (at 8310) 
a slot-net in the current slot. It then retrieves (at 8315) the route for the selected slot-net. 
At 8325, the process then selects a path with the most number of anchors. As mentioned 
above, some embodiments define an anchor as a pin in either child slot upon which the 
path is incident. In these embodiments, a path has at most two anchors. Other 
embodiments might define anchor as the number of pins in the slots of a child slot; under 
such an approach, a path can have up to 32 anchors, when it has 16 pins in the 16 slots of 
each child slot. 

Next, the process costs (at 8330) each propagation permutations of the selected 
path. The cost of each propagation permutation includes the cost of the permutation's 
propagation path(s) plus the routing cost of the pin configurations in the two or three 
child slots that the propagation permutation traverses. 

Next, the process selects (at 8335) the lowest cost propagation permutation. The 
selected propagation permutation includes one and in some cases two propagation paths. 
For instance, in the example illustrated in Figure 65, the propagation of path P24 resulted 
in two propagation paths 6510 and 6515, while the propagation of path 17 resulted in one 
propagation path 6520. 

At 8340, the process determines whether the selected propagation permutation can 
be embedded in the current slot's child slots. In other words, the process determines 
whether embedding the selected propagation permutation will cause any propagation path 
for this permutation to be over congested. 
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If the process determines that the selected propagation permutation cannot be 
embedded, it determines (at 8345) whether there are additional propagation permutations 
for the path selected at 8325. If so, the process selects (at 8350) the next cheapest 
propagation permutation and returns to 8340 to determine whether the newly-selected 
5 permutation can be embedded. 

When the process determines (at 8345) that there are no additional propagation 
permutations to examine, the process embeds (at 8365) the best propagation permutation 
that it encountered at 8340. This embedding might entail setting virtual pins in the pin 
M distributions of affected child slots (i.e., setting virtual pins in the current slot's 
lpP grandchild slots that the selected propagation permutation's path or paths traverse). When 
|j the current slot's level is at least two levels above the leaf level, this embedding also 

y= 

m entails adding the propagation paths used by the selected propagation permutation to the 

□ follow-up propagation list for the next lower recursion level. At 8365, the process also 

y updates the available capacity of the propagation paths of the embedded propagation 

==3 

M permutation. From 8365, the process transitions to 8360, which will be described below. 

ty 

When the process determines (at 8340) that a selected propagation permutation 
can be embedded, it embeds (at 8355) the selected propagation permutation. This 
embedding might entail setting virtual pins in the pin distributions of affected child slots 
(i.e., setting virtual pins in the current slot's grandchild slots that the selected propagation 
20 permutation's path or paths traverse). When the current slot's level is at least two levels 
above the leaf level, this embedding also entails adding the propagation paths used by the 
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selected propagation permutation to the follow-up propagation list for the next lower 
recursion level. At 8355, the process also updates the available capacity of the 
propagation paths of the embedded propagation permutation. From 8355, the process 
transitions to 8360. 

5 At 8360, the process determines whether it has examined all the paths of the 

selected slot-net's route. If not, the process returns to 8325 to select another path of this 
route. If so, the process determines (at 8370) whether it has examined all the slot-nets in 
the current slot. 

H= 

G If the process has not examined all the slot-nets in the current slot, the process 

W returns to 8310 to select another slot-net. Otherwise, the process transitions to 8375. 

I 

When the current slot's level is after the top level but before the leaf level, the sequential 
propagator then performs (at 8375) a follow-up propagation operation. This operation 
U propagates the routing paths specified by the propagator at the previous routing level one 

# level further down. When the current slot's level is the level immediately before the leaf 

O 

fl* level (i.e., when the current slot is a grandparent of Gcells), the sequential propagator 
calls (at 8380) the saver to link to the dBNets the path data structures of any propagation 
path embedded at 8355, 8365, and 8375. The process then ends. 

VII. THE COMPUTER SYSTEM 

Figure 84 presents a computer system with which one embodiment of the present 
20 invention is implemented. Computer system 8400 includes a bus 8405, a processor 8410, 
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a system memory 8415, a read-only memory 8420, a permanent storage device 8425, 
input devices 8430, and output devices 8435. 

The bus 8405 collectively represents all system, peripheral, and chipset buses that 
communicatively connect the numerous internal devices of the computer system 8400. 
For instance, the bus 8405 communicatively connects the processor 8410 with the read- 
only memory 8420, the system memory 8415, and the permanent storage device 8425. 

From these various memory units, the processor 8410 retrieves instructions to 
execute and data to process in order to execute the processes of the invention. The read- 
only-memory (ROM) 8420 stores static data and instructions that are needed by the 
processor 8410 and other modules of the computer system. The permanent storage device 
8425, on the other hand, is read-and-write memory device. This device is a non-volatile 
memory unit that stores instruction and data even when the computer system 8400 is off. 
Some embodiments of the invention use a mass-storage device (such as a magnetic or 
optical disk and its corresponding disk drive) as the permanent storage device 8425. 
Other embodiments use a removable storage device (such as a floppy disk or zip® disk, 
and its corresponding disk drive) as the permanent storage device. 

Like the permanent storage device 8425, the system memory 8415 is a read-and- 
write memory device. However, unlike storage device 8425, the system memory is a 
volatile read-and-write memory, such as a random access memory. The system memory 
stores some of the instructions and data that the processor needs at runtime. In some 
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embodiments, the invention's processes are stored in the system memory 8415, the 
permanent storage device 8425, and/or the read-only memory 8420. 

The bus 105 also connects to the input and output devices 8430 and 8435. The 
input devices enable the user to communicate information and select commands to the 
computer system. The input devices 8430 include alphanumeric keyboards and cursor- 
controllers. 

The output devices 8435 display images generated by the computer system. For 
instance, these devices display IC design layouts. The output devices include printers and 
display devices, such as cathode ray tubes (CRT) or liquid crystal displays (LCD). 

Finally, as shown in Figure 84, bus 8405 also couples computer 8400 to a 
network 8465 through a network adapter (not shown). In this manner, the computer can 
be a part of a network of computers (such as a local area network ("LAN"), a wide area 
network ("WAN"), or an Intranet) or a network of networks (such as the Internet). 

Any or all of the components of computer system 8400 may be used in 
conjunction with the invention. However, one of ordinary skill in the art would 
appreciate that any other system configuration may also be used in conjunction with the 
present invention. 

While the invention has been described with reference to numerous specific 
details, one of ordinary skill in the art will recognize that the invention can be embodied 
in other specific forms without departing from the spirit of the invention. For instance, 
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several embodiments were described above by reference to a hierarchical router, one of 
ordinary skill will realize that other embodiments of the invention are implemented with 
other router types, such as maze routers. 

Also, even though several embodiments were described by reference to an LP- 
problem formulation, one of ordinary skill will realize that these embodiments can be 
practiced by applications that do not utilize an LP solver. The above-described track 
sharing constraints provide one such example. Any type of router can account for these 
sharing constraints in determining whether to embed routes. 

In addition, other embodiments might use different set of partitioning lines to 
divide the circuit layout. For example, some embodiments might use partitioning grids 
that define different-shaped and/or different-sized sub-regions than the sub-regions 
defined by the 4x4 grid illustrated in Figure 5. Thus, one of ordinary skill in the art 
would understand that the invention is not to be limited by the foregoing illustrative 
details, but rather is to be defined by the appended claims. 
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